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(Bacl(ground: TbSP1 is a phospholipase A, strongly up-regulated during the symbiotic phase of the truffle Tuber borchii.
Results: An activated enzyme species composed of five a-helices is generated by self-proteolysis through an intermolecular

Conclusion: TbSP1 autoproteolysis is a site-specific post-translational modification not involving the phospholipase active site.
Significance: Autoproteolytic activation is described for the first time for a microbial PLA,, with possible implications for
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Fungal phospholipases are members of the fungal/bacterial
group XIV secreted phospholipases A, (sPLA,s). TbSP1, the
sPLA, primarily addressed in this study, is up-regulated by
nutrient deprivation and is preferentially expressed in the sym-
biotic stage of the ectomycorrhizal fungus Tuber borchii. A
peculiar feature of this phospholipase and of its ortholog from
the black truffle Tuber melanosporum is the presence of a 54-a-
mino acid sequence of unknown functional significance, inter-
posed between the signal peptide and the start of the conserved
catalytic core of the enzyme. X-ray diffraction analysis of a
recombinant TbSP1 form corresponding to the secreted protein
previously identified in 7. borchii mycelia revealed a structure
comprising the five a-helices that form the phospholipase cata-
Iytic module but lacking the N-terminal 54 amino acids. This
finding led to a series of functional studies that showed that
TbSP1, as well as its T. melanosporum ortholog, is a self-pro-
cessing pro-phospholipase A,, whose phospholipase activity
increases up to 80-fold following autoproteolytic removal of
the N-terminal peptide. Proteolytic cleavage occurs within a
serine-rich, intrinsically flexible region of TbSP1, does not
involve the phospholipase active site, and proceeds via an
intermolecular mechanism. Autoproteolytic activation,
which also takes place at the surface of nutrient-starved,
sPLA, overexpressing hyphae, may strengthen and further
control the effects of phospholipase up-regulation in
response to nutrient deprivation, also in the context of sym-
biosis establishment and mycorrhiza formation.
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Phospholipases A, (PLA,)* catalyze the hydrolysis of the
ester bond at the sn-2-position of glycerophospholipids, thus
promoting lipid digestion and membrane remodeling (1, 2). In
addition, PLA, products, lysophospholipids and free fatty acids,
can act as signaling molecules (or their precursors) capable of
exerting a multitude of biological functions in various organ-
isms, including microbes and plants (1-6). Based on their pri-
mary structures and enzymatic and subcellular localization
properties, members of the PLA, superfamily are classified into
five main subfamilies: Ca®>*-dependent secreted and cytosolic
PLA,s, Ca®>*-independent PLA,s, platelet-activating factor
acetylhydrolases, and lysosomal PLA,s (1, 2). Secreted PLA,s
(sPLA,s), which comprise 14 different groups of enzymes from
a variety of organisms and tissues, are the most diverse and
populated PLA, subfamily (1, 7) sPLA,s are glycerophospho-
lipid hydrolases with a His-Asp catalytic dyad, characterized by
a relatively low molecular mass (13-19 kDa) and by a variable
number (from 2 to 8) of disulfide bonds (2, 7, 8). In accordance
with their extracellular localization, most sPLA,s have an
N-terminal secretion signal peptide that is cleaved upon inter-
nalization into the endoplasmic reticulum (or into the periplas-
mic space in the case of bacterial enzymes) (2). Animal sPLA,s
belonging to groups IB and X also bear a propeptide sequence
upstream to the N terminus of the mature protein (1, 2,9). One
of the best characterized of these zymogen-like phospholipases
isahuman group IB sPLA,, named pro-hG1B, which is secreted
from pancreatic acinar cells in an inactive form and is activated
by trypsin via proteolytic elimination of an inhibitory N-termi-
nal heptapeptide (10, 11). This propeptide, which is thought to
play a role in the folding process, can also be cleaved off by
thrombin, plasmin, and a trypsin-like type 1-proPLA, activator
(12, 13). Recently, an in vitro self-cleavage reaction leading to
pro-hG1B autoactivation has also been reported (14).

“The abbreviations used are: PLA,, phospholipase A,; sPLA,, secreted PLA,;
TbSP1, T. borchii secreted phospholipase 1; rTbSP1, recombinant TbSP1;
TmelPLA,, T. melanosporum sPLA,; BL21-Ori BL21, BL21-Origami E. coli
cells; BL21-CP, BL-21-CodonPlus E.coli strain; Trx, thioredoxin; PC,
2-linoleoyl-1-palmitoyl-sn-glycero-3-phosphocholine.
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FIGURE 1. Schematic representation of functionally characterized group XIV sPLAs. The start of the catalytic domain region shared by the shown sPLA,s
(TbSP1 (16); TmelPLA,, functionally validated in this work (see supplemental Fig. S4); sPlaA and sPlaB (19); p15 (50); and S. violaceoruber PLA, (51)) is repre-
sented on a white background; the active site consensus peptide and positionally conserved, disulfide-bonded Cys residues flanking this site are indicated as
black boxes and black vertical lines, respectively. N-terminal polypeptide extensions (interposed between the conserved catalytic domain region and the
secretion signal peptide in the T. borchii and T. melanosporum sPLA,s) and C-terminal polypeptide extensions (Aspergillus oryzae and Helicosporium sPLA,s) are
shown as striped and dark gray bars, respectively. Experimentally determined (TbSP1, p15, and S. violaceoruber sPLA,s) and predicted (TmelPLA,, sPlaA, and
sPlaB) secretion signal peptides are shown as light gray bars. GenBank™ accession numbers are as follows: AAF80454 (TbSP1), CAZ81513 (TmelPLA,),
BADO01581 (sPlaA), BAD01582 (sPlaB), BAB70714 (p15), and AAQ55264 (S. violaceoruber sPLA,).

A number of metazoan sPLA, structures have been deter-
mined in recent years (2, 7). An extensive structural similarity,
particularly within the catalytic and the calcium-binding sites,
between otherwise distinct metazoan sPLA,s (e.g group I,
group 11, and group III phospholipases) has been revealed by
these studies (2). In contrast, a strikingly distinct folding topol-
ogy, with five instead of three a-helices and no antiparallel
B-sheet, has been reported for a phospholipase A, from the soil
bacterium Streptomyces violaceoruber (15), belonging to group
XIV sPLA,s. The founding member of this group of enzymes,
designated as the “symbiotic fungus/bacteria” group (2), is the
sPLA, TbSP1, originally identified in the plant-symbiotic fun-
gus Tuber borchii (16), where it is strongly up-regulated by
nutrient deprivation and preferentially expressed during sym-
biosis establishment and mycorrhiza formation (16—18). The
TbSP1 phospholipase shares a number of primary structure
features with its bacterial homolog, including the CXRHDF
active site consensus sequence and the presence of only two
disulfide bonds. However, a notable difference is the presence
of a 54-amino acid sequence in the TbSP1 polypeptide, inter-
posed between the signal peptide and the start of the polypep-
tide region homologous to the Streptomyces enzyme (Fig. 1).
Three additional fungal sSPLA,s homologous to TbSP1 but lack-
ing the above mentioned polypeptide insertion have been char-
acterized in recent years (19, 20) (see Fig. 1). In addition, a
number of putative group XIV sPLA,s (listed in supplemental
Fig. S1) have been identified in the genomes of various recently
sequenced filamentous fungi (mainly ascomycetes), but none of
them seems to share the N-terminal polypeptide extension
present in TbSP1 and in the orthologous sPLA, from the
related ectomycorrhizal fungus Tuber melanosporum (21)
(TmelPLA,,; Fig. 1). Despite the mixed, prokaryotic/eukaryotic
composition of group XIV phospholipases A, and the prepon-
derance of fungal enzymes within this group (see supplemental
Fig. S1), no structural information is available, so far, on fungal
sPLA,s. Similarly unknown is the potential functional signifi-
cance of the N-terminal polypeptide extension found in TbSP1
and in the orthologous phospholipase TmelPLA, (Fig. 1).

To address these questions, recombinant TbSP1 lacking the
signal peptide but containing the N-terminal polypeptide
extension characteristic of the protein isolated from T. borchii
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mycelia was crystallized and subjected to x-ray diffraction anal-
ysis. Surprisingly, the N-terminal sequence extension was
found to be missing from the crystal structure, which otherwise
revealed an overall domain architecture of the catalytic module
closely resembling that of the Streptomyces sSPLA,. This finding,
which pointed to a self-cleavage reaction taking place within
the time required for crystallization, was confirmed and
extended by targeted experiments carried out in solution.
These showed that both recombinant TbSP1 (as well as the
orthologous sPLA, from T. melanosporum) and the protein iso-
lated from T. borchii mycelia are indeed capable of region-spe-
cific autoproteolytic processing. This endoproteolytic reaction,
which is temperature-dependent, but not Ca®"-dependent,
and occurs intermolecularly, is independent from phospho-
lipase activity and leads to the production of a shortened (14.5-
kDa) and catalytically activated form of the enzyme. Autopro-
teolytic activation may thus strengthen and further control the
effects of TbSP1 up-regulation in response to nutrient depriva-
tion, perhaps also in the context of symbiosis establishment and
mycorrhiza formation.

EXPERIMENTAL PROCEDURES

Expression and Purification of Truffle sSPLA ,s—Recombinant
TbSP1 (rTbSP1) was purified from the soluble fraction and
from inclusion bodies of BL21-Origami 2 (BL21-Ori; Novagen)
and BL21-CodonPlus(DE3)-RIL (BL21-CP; Stratagene) Esche-
richia coli cells transformed with the pET28b-TbSP1 plasmid
(16). Following induction by the addition of 1 mm isopropyl-3-
D-thiogalactopyranoside (Sigma-Aldrich), cells were harvested
by centrifugation, resuspended in lysis buffer (25 mm Tris-HCI,
500 mMm NaCl, pH 8.0, 0.5 mm benzamidine, 1 um leupeptin, and
1 uM pepstatin A), and lysed by sonication. The lysate was clar-
ified by centrifugation, and inclusion bodies, recovered in the
pellet, were subjected to a second round of sonication in wash-
ing buffer (20 mm Tris-HCI, 500 mm NaCl, 2 M urea, 2% Triton
X-100, pH 8.0), followed by an additional centrifugation step.
The pellet was resuspended in solubilization buffer (20 mm
Tris-HCI, 500 mm NaCl, 1 mm B-mercaptoethanol, 6 M guani-
dine hydrochloride, pH 8.0) and stirred at room temperature
for 30 min, and the resulting solution was then dialyzed against
urea-containing buffer (20 mm Tris-HCl, 500 mm NaCl, 1 mm
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B-mercaptoethanol, 6 m urea, pH 8.0), followed by protein
refolding, carried out by stepwise dialysis against a 6 to 0 M urea
gradient. Protein recovery in the soluble fraction was maximal
following induction for 6 h at 30 °C or for 4 h at 37 °C for BL21-
Ori and BL21-CP cells, respectively. rTbSP1-containing
extracts from either strain were loaded onto HisTrap FF Crude
columns (1 ml; GE Healthcare) and eluted with a linear 20 -500
mM imidazole gradient in 20 mMm Tris-HCI, 500 mm NaCl (pH
8.0) using an AKTAprime protein purification system (Amer-
sham Biosciences). rTbSP1 derived from the soluble fraction
was further purified by chromatography on a HiTrap Q FF col-
umn (1 ml; GE Healthcare), which was eluted with a linear,
0-500 mMm NaCl gradient in 25 mm Tris-HCI (pH 8.0). The
purity of individual column fractions was assessed by SDS-
PAGE analysis. The final yield of purified rTbSP1 was about 8
mg and 0.5 mg of protein/liter for the BL21-Ori and the BL-CP
strain, respectively. The same purification procedure, with a
similar yield of purified protein, was applied to BL21-CP cells
transformed with a pET28b construct (pET28-TmelPLA,)
bearing a ¢cDNA coding for the orthologous sPLA, from
T. melanosporum. The TmelPLA, cDNA (534 bp) was isolated
from a free-living mycelium ¢cDNA library prepared from the
homokaryotic strain Mel28 (21), using oligonucleotides derived
from the genome sequence of T. melanosporum as amplifica-
tion primers (TmelPLA, forward and TmelPLA, reverse; see
supplemental Table 1). The expression vector pET26 (Nova-
gen), containing an N-terminal pelB signal sequence, was used
for secretory production of rTbSP1. The pET26-TbSP1 plas-
mid was constructed by incorporating an Ncol site into pro-
TbSP1 via PCR amplification (see supplemental Table 1 for the
sequences of the amplification primers), followed by insertion
of the stop codon containing amplicon into Ncol-digested
pET26. Transformants were pregrown at 37 °C in LB medium
(Agoo = 1.0) and induced for 15 h at 20 °C with 1 mm isopropyl-
B-D-thiogalactopyranoside. After centrifugation at 9,000 X g
for 10 min, pro-TbSP1 was recovered (and concentrated) from
the culture medium by ammonium sulfate fractionation (70%
saturation at 4 °C with 2-h stirring on ice followed by centrifu-
gation at 10,000 X g for 20 min). Following desalting by ultra-
filtration, the protein was further purified by anion exchange
chromatography on a HiTrap Q FF column as described above
and then purified to homogeneity by reverse phase chromatog-
raphy (see below). The yield of secreted, homogeneously puri-
fied pro-TbSP1 obtained with this expression system was about
1 mg/liter of culture medium.

Crystallization and Structure Determination of ThSP1—His-
tagged r'TbSP1, derived from the soluble fraction of BL21-Ori
cells and supplemented with 20 mm CaCl, prior to the final
purification step (HiTrap Q FF), and the same protein from
which the His tag had been removed by thrombin cleavage were
utilized for crystallization trials, which were performed with
the sitting drop vapor diffusion technique. Crystals were
obtained with both protein samples after 30 days of incubation
at room temperature in the presence of different salt solutions;
2.0 M ammonium sulfate (0.1 m Tris-HCl, pH 8.5) or 0.5 M
potassium thiocyanate (0.1 M sodium acetate, pH 4.6) for His-
tagged TbSP1 (15 mg/ml, dissolved in 20 mm HEPES, pH 8) or
2.0 M ammonium sulfate (0.1 m HEPES, pH 7.5, plus 2% poly-
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TABLE 1
Data collection and refinement statistics

Protein Data Bank accession code 4AUP

Space group P2,2121

Unit cell parameters

a, b, c(A) 34.5, 66.8, 117.4

a, B, v (degrees) 90.0, 90.0, 90.0

Monomers per a.u. 2

Wavelength (A) 1.5418

Resolution (A) 40.5-1.9 (2.0-1.9)*

Multiplicity 4.5 (4.0)

Completeness (%) 99.7 (99.4)

1/ o(D) 16.5 (2.4)

No. of unique reflections 22,183 (3,091)

R, 0.071 (0.479)

Ryim. 0.038 (0.274)
- 0.210 (0.331)
e 0.273 (0.367)

Estimated coordinate error (A) ) 0.136

Root mean square deviation bond lengths (A) 0.010

Root mean square deviation bond angles (degrees)  1.090

B, erage Protein (A%) 28.8

B solvent (A?) 35.5

aaaaa ge
Ramachandran statistics

Most favored 189 (87.9%)
Allowed 24 (11.2%)
Disallowed 2 (0.9%)

“ Numbers in parentheses represent the highest resolution shell.

ethylene glycol 200) for the tag-free form of TbSP1 (13 mg/ml,
20 mm HEPES, pH 8) was equilibrated against a reservoir solu-
tion containing 2.0 M ammonium sulfate, 0.1 M HEPES, pH 7.5,
buffer with 2% PEG 200. All drops contained 2 ul of protein
solution and 2 ul of reservoir solution.

Crystals were harvested into a cryoprotective solution con-
taining 10% (v/v) 2R,3R-butane diol in reservoir buffer,
mounted in a nylon loop, and flash-frozen in liquid nitrogen. In
order to overcome the crystallographic phase problem, crystals
were harvested into cryoprotective buffer containing 250 mm
Nal or alternatively pressurized with 15-bar xenon gas for 15
min before flash-cooling in liquid N,. This quick soaking
approach yielded data sets of native protein derivatized with a
substantial number of individual but weakly occupied iodide or
xenon sites. Data from the derivatized crystals were collected
on a rotating anode x-ray generator (MicroMax 007, Rigaku)
with a mar345dtb image plate detector (Marresearch) at an
x-ray wavelength of 1.5418 A. The reflections were indexed,
integrated, and scaled using the HKL suite (22). The positions
of anomalous scatterers were located with SHELXD (23) and
refined in SHARP (24). Nine iodide sites and one xenon site
were used for phase calculations with SHARP, yielding an inter-
pretable electron density map after solvent flattening with
SOLOMON (25). The model built with COOT (26) comprised
two copies of TbSP1 per asymmetric unit, with monomer A
including residues 92—-211 and monomer B including residues
89-211 (numbering refers to the full-length TbSP1 sequence,
including the 31 amino acids of the signal peptide). The struc-
tural model was refined using BUSTER/TNT (27). The Protein
Data Bank accession code is 4AUP; see Table 1 for refinement
statistics.

Phospholipase and Protease Activity Assays—PLA, activity
was measured by quantifying free linoleic acid released from
2-linoleoyl-1-palmitoyl-sn-glycero-3-phosphocholine (Sigma-
Aldrich) using a colorimetric assay (NEFA-HR(2), Wako).
Reaction mixtures contained, in a final volume of 40 ul, 20 mMm
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HEPES (pH 8.0), 150 mm NaCl, 30 mm CacCl,, and 5 mm phos-
pholipid substrate dissolved in 2% (v/v) Triton X-100, plus 1 or
0.025 uMm enzyme for the 22- and 14.5-kDa forms of TbSP1,
respectively. After a 10-min incubation at 37 °C, 7-ul aliquots of
each reaction mixture were treated with NEFA-HR(2) accord-
ing to the manufacturer’s instructions, followed by determina-
tion of absorbance at 546 nm and quantification of the released
fatty acids using oleic acid as an external standard.

Autoproteolytic activity was routinely assayed by incubating
recombinant TbSP1, TbSP1-thioredoxin (Trx) fusion proteins,
or the natural protein purified from T. borchii mycelia (see
below) at a concentration of 20 uMm for various lengths of time
(from a few min up to several h, depending on the source of the
protein and on reaction conditions) in 20 mm Tris-HCl at 37 °C.
Proteolytically inactive pro-TbSP1 derived from inclusion bod-
ies was used as substrate (30 um) for some experiments, as
specified under “Results.” Digestion products were quantified
by SDS-PAGE, followed by data analysis with the Multi-Ana-
lyst/PC software (Bio-Rad) and by MALDI-TOF MS. The latter
was performed by mixing 5 ul of each sample with an equal
volume of 1% trifluoroacetic acid (TFA), followed by salt
removal on a ZipTip C18 pipette tip (Millipore) prewashed with
acetonitrile and 0.1% TFA, followed by an additional wash with
10 pl of 0.1% TFA. Protein was eluted with 2 ul of the matrix
solution containing sinapinic acid (10 mg/ml) dissolved in a
55% acetonitrile/water mixture plus 0.1% TFA. MS data were
analyzed with Masslynx™ (version 4.1). Eluted proteins were
spotted on a target plate, dried under a flow of nitrogen, and
analyzed by a MALDI mass spectrometer (Waters-Micromass)
operated in linear positive mode with the following parameters:
15,000 V source voltage, 1,550 V pulse voltage, 1,800 V MCP
detector.

For temperature dependence and heat stability experiments,
TbSP1 (BL21-Ori), dissolved in 20 mm Tris-HCI (pH 8.0) at a 20
or 0.05 um concentration, in the case of autoproteolysis (15 h)
or phospholipase (10 min) assays, respectively, was incubated at
increasing temperatures (from 25 to 100 °C) in a gradient ther-
mal cycler (Mastercycler Eppendorf). Unless otherwise indi-
cated, incubation mixtures contained the 2-linoleoyl-1-palmi-
toyl-sn-glycero-3-phosphocholine (PC) substrate (5 mm final
concentration). After heating at 100 °C (20 min), the protein
was incubated for 20 min at 4 °C prior to functional assays.
Self-digestion of pro-TbSP1 and linoleic acid release were mon-
itored and quantified by SDS-PAGE and the NEFA-HR(2) col-
orimetric assay, respectively, as described above.

Unless otherwise indicated, phospholipase and protease
activity values are the mean = S.D.) of at least three independ-
ent experiments. Self-cleavage reaction (apparent rate con-
stants) and calcium dependence (apparent Ca®" dissociation
constants) data were analyzed with the SigmaPlot software
package (SPSS Inc., Chicago, IL).

Purification and Immunoblot Analysis of TbSP1 Extracted
from T. borchii Mycelia—Mycelia (ATCC 95640) were grown
in the dark at 23 °C on agar plates of synthetic solid medium
overlaid by semipermeable cellophane membranes (Bio-Rad)
as described previously (16). For nutrient deprivation experi-
ments, mycelia were first cultured for 14 days on complete syn-
thetic solid medium and then shifted for 7 days to either the
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same medium (nutrient-sufficient, mock-shifted controls) or to
nutrient-deficient synthetic solid medium, in which glucose
was omitted (—G) or (NH,),HPO, was replaced by K2HPO4
(—N). Mycelia were then harvested and washed with 5 volumes
of Milli-Q grade water, followed by a second wash with 5 vol-
umes of 500 mm NaCl in 20 mm Tris-HCI (pH 8.0). Mycelial
washings were combined, supplemented with protease inhibi-
tors, and used for immunoblot analyses. Pooled aqueous myce-
lial extracts prepared from multiple plates of nitrogen-deprived
mycelia were also used as an enriched sPLA, source for the
purification of natural TbSP1. The latter was conducted on a
HiTrap Q FF column, using a linear, 0-500 mm gradient of
NaCl in 25 mm Tris-HCI (pH 8.0).

For immunoblot analysis, equal total protein amounts of
aqueous extracts (5 ug each) from mycelia subjected to differ-
ent nutritional regimens were fractionated by SDS-PAGE and
electrotransferred to Hybond-ECL membranes (GE Health-
care). Blots were then analyzed with standard procedures using
a previously validated rabbit anti-TbSP1 polyclonal antibody
(16), horseradish peroxidase-conjugated anti-rabbit immu-
noglobulin antibodies, and enhanced chemiluminescence
reagents (Pierce).

Construction of Site-directed Mutants and Fusion Protein
Derivatives of ThSP1—Serine residues 81, 85, 86, 88, and 92,
located within the cleavage site region of TbSP1, were replaced
with alanines by overlap extension PCR (28) using the oligonu-
cleotide primers TbSP1 forward, Mut S/A reverse, Mut S/A
forward, and TbSP1 reverse (see supplemental Table 1). The
final PCR product was cloned into the SnaBI site of a modified
pET28b vector (pET28b-Pme) by a one-step restriction-liga-
tion procedure (29). The same overlap extension PCR proce-
dure was employed to produce the active site H147G mutant
using the oligonucleotide primers TbSP1 forward, H147G
reverse, H147G forward, and TbSP1 reverse (supplemental
Table 1). The Ca®>" binding site mutants D126N and D148N
were generated by cassette mutagenesis of a synthetic ThSP1
gene bearing properly positioned unique restriction sites
(TbSP1 syn-gene; supplemental Table 1). Oligonucleotide cas-
settes bearing the D126N and the D148N mutations (supple-
mental Table 1) were used to replace the Smal-Pstl and the
SacI-Kpnl fragments of the TbSP1 syn-gene, respectively. The
resulting mutant genes were cloned into the Ndel-Xhol sites of
pET28b.

A pET28 derivative expressing E. coli thioredoxin (pET28-
Trx (30)) was used as a starting vector for the construction of
expression plasmids coding for the N-TbSP1-Trx and the Trx-
TbSP1 fusion proteins. To this end, the sequences correspond-
ing to the TbSP1 N-terminal region (amino acids 32—-119) and
to full-length pro-TbSP1 (amino acids 32—211) were amplified
and end-modified by PCR and cloned, respectively, into the
Ncol-Ndel and the EcoRI sites of pET28-Trx. The oligonucleo-
tides N-TbSP1-Trx forward and N-TbSP1-Trx reverse and
Trx-TbSP1 forward and Trx-TbSP1 reverse were used as prim-
ers for N-TbSP1-Trx and Trx-TbSP1 construction, respec-
tively (supplemental Table 1). All constructs were transformed
into BL21-CP cells, which were then used for protein expres-
sion and purification as described above for TbSP1.
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Other Procedures—A Superdex75 10/300GL column (24 ml;
GE Healthcare), equilibrated and eluted with 25 mm Tris-HCl,
150 mMm NaCl (pH 7.4), was used for gel filtration, which was
performed at 4 °C with a TbSP1 protein input of 200 ug/run.
Bovine serum albumin (66 kDa), hen egg white albumin (44.3
kDa), trypsinogen (23.9 kDa), and lysozyme (14.3 kDa) were
used as molecular mass markers for column calibration.

High performance liquid chromatography (HPLC) was per-
formed on an Akta Purifier 10 System (GE Healthcare), using a
reverse phase uRPC C2/C18 ST 4.6/100 column (GE Health-
care). The sample (100-500 ug of prepurified pro-TbSP1 dis-
solved in 400 pl of 25 mm Tris-HCI, pH 8.0) was eluted with a
linear (80 min) 2—80% (v/v) acetonitrile gradient containing
0.05% (v/v) trifluoroacetic acid at a flow rate of 0.5 ml/min. The
eluted fractions (0.3 ml each; monitored at 280 nm) were imme-
diately diluted with 10 volumes of 25 mm Tris-HCl, pH 8.0, and
individually subjected to ultrafiltration to concentrate the pro-
tein and remove residual acetonitrile.

Limited proteolysis was carried out at 37 °C in reaction mix-
tures containing 0.5 ug/ul pro-TbSP1 and either chymotrypsin
(50 mm Tris-HCI, 100 mm NaCl, pH 8.0; protease/TbSP1
ratio = 1:100 (w/w)) or Staphylococcus aureus V8 protease (100
mM Tris-HCI, pH 8.0; protease/TbSP1 ratio = 1:100 (w/w)).
Following incubation at 37 °C (from 10 min for chymotrypsin
up to 1 h for the V8 protease), reaction products were analyzed
by both SDS-PAGE and MALDI-TOF MS.

Native soluble pro-TbSP1 and the same protein recovered
from inclusion bodies were subjected to sulthydryl group anal-
ysis with Ellman’s reagent (5,5'-dithio-bis-(2-nitrobenzoic
acid)) under both native and denaturing (6 M urea) conditions
(31). Assays were conducted in a final volume of 120 ul contain-
ing 2.5 mm DTNB and 20 um TbSP1 in 200 mm Tris-HCI, pH
8.0, in the presence or absence of 6 M urea. Reaction mixtures
were incubated for 60 min at 25 °C before measuring absorb-
ance at 412 nm. Each test was performed in duplicate using
L-cysteine (1030 um) as a standard.

RESULTS

Structure of the TbSP1 Phospholipase—Recombinant TbSP1
lacking the N-terminal signal peptide (hereafter designated as
the 22-kDa TbSP1 species) was crystallized and subjected to
x-ray diffraction analysis. As revealed by this analysis, which
was focused on the His,-tagged form of the protein, which
yielded a higher resolution data set (R, = 0.21; 1.9 A resolu-
tion) (see Table 1), the TbSP1 fold consists of five a-helices (Fig.
2). These form two distinct domains connected by a 20-amino
acid (Asp'**~Lys'*®) loop (numbering refers to the full-length
TbSP1 protein, including the signal peptide): two a-helices (a;
and «,) in the N-terminal domain and three tightly packed anti-
parallel a-helices (a5, @4, and ;) in the C-terminal domain.
The overall structure of the T. borchii enzyme closely resembles
that of the Streptomyces sPLA, (15) (root mean square devia-
tion = 2.08 A), although some local differences became appar-
ent upon superposition of the Ca-backbones of the two pro-
teins. These include a different orientation of the three
N-terminal amino acids, a shorter turn between helices «; and
a,, and an upward displacement (7.7 A) of the Pro'*?—Pro*>®
region of the loop that, in the case of TbSP1, connects helices a,
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FIGURE 2. Overall structure of TbSP1. A, ribbon structure of the TbSP1 sPLA,.
The five a-helices of the core catalytic domain are indicated by red labels. Key
active site residues Asp'?%, His'*, and Asp'*® are rendered in stick represen-
tations (CPK-colored); also shown are the N and C termini of the protein.
B, electron density map of the active site of TbSP1. Shown is a 2F, — F_elec-
tron density map of the active site residues contoured at 1.0 o level.

and a5 and also bears a longer turn between helices a, and a.
Despite the lack of the anti-parallel B-sheet fold, characteristic
of eukaryotic class I and II sPLA,s, in group XIV sPLA,s, the
overall active site structure is conserved in all of these groups of
enzymes. As in other sPLA,s, the key catalytic residue of TbSP1
is a histidine (His'*’), flanked by an aspartate residue (Asp'*®),
whose amino group forms two hydrogen bonds with the back-
bone carbonyl oxygens of Cys'** and Lys'** (Fig. 3A). His'*” is
hydrogen-bonded to the carboxylate group of Asp*®® that neu-
tralizes the positive charge acquired by the histidine imidazole
upon cleavage of the ester bond of the phospholipid substrate.
Also hydrogen-bonded to His'*” N1 is a nucleophilic water
molecule (HOH4), which together with Asp*®® creates a hydro-
gen bond network geometry reminiscent of that of the catalytic
triad of serine proteases. The hydrogen bond network is stabi-
lized by a salt bridge between Asp'® and the amino group of
Arg'®® and by a hydrogen bond between Asp'®® and Arg®°,
which is connected to Arg'®® via its carboxyl oxygen. Arg'®®
also forms a hydrogen bond with the backbone carbonyl of
Val?? (2.95 A), which in turn interacts with N-Gly>* (2.62 A).
Similar to other sPLA,s, an extensive hydrogen bond network
thus appears to stabilize the active site region of TbSP1, which
is flanked by the hydrophobic channel that accommodates the
aliphatic chain sn-1 and sn-2 substituents of the phospholipid
substrate (Fig. 3B). The substrate channel, which in the case of
TbSP1 is formed by residues Cys'*®, Pro'??, Cys'**, Phe'”?,
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FIGURE 3. Details of the TbSP1 structure. A, hydrogen bonding network
within the catalytic site. Hydrogen bonds are shown in green, amino acid
residues are represented as CPK-colored sticks; also shown is a water molecule
(HOH4) that participates in the active site hydrogen bond network. B, sub-
strate binding site. TbSP1 residues involved in substrate binding (CPK-colored
sticks) are superimposed onto the corresponding residues of the calcium-
bound (green sticks) and the calcium-free (red sticks) forms of the S. violaceo-
ruber sPLA,; numbers refer to TbSP1 residues. C, predicted calcium binding
site. Superposition of the indicated calcium-binding residues of the Ca®*-
bound (green sticks) and the Ca®"-free forms of the Streptomyces sPLA, with
the corresponding amino acid residues of ToSP1 (CPK-colored sticks); the Ca®™*
ion is shown as a green sphere. Hydrogen bonds and a hydrogen-bonded
water molecule (HOH4) are shown as dashed green lines and as a red sphere,
respectively.

Leu'”®, Tyr?*®', Ala®®*, Val*°®, Thr*®”, and Phe°®, is conserved
among different sPLA,s. The only differences with respect to
the homologous phospholipase from Streptomyces (15) are a

1538 JOURNAL OF BIOLOGICAL CHEMISTRY

Met at position 176, instead of a Leu, and an Ile at position 207,
instead of a Thr. Two additional conserved residues are Arg'*?
and Lys'®® (corresponding, respectively, to Arg®® and Lys”* of
the S. violaceoruber enzyme), which are predicted to interact
with the phosphate-bound polar substituent of the phospho-
lipid substrate.

Even in the absence of exogenous Ca®" ions, TbSP1 exhibits
a compact shape and conformational rigidity, with an average
B-factor value of 28.8 A2 (see Table 1) close to that determined
for the calcium-bound form of the Streptomyces enzyme (31.5
A?) (15). The predicted Ca®" coordination geometry of ThSP1
is similar to that of the bacterial phospholipase and markedly
different from that of eukaryotic sPLA,s. The putative Ca**
ligands are the two carboxyl oxygens of Asp**® and Asp*2® and
the carbonyl oxygen of Gly**” (Fig. 3C). Among the water mol-
ecules present in this region, HOH4, which is hydrogen-
bonded to Asp'*® and is superimposable, respectively, to
HOH201 and HOH260 of the calcium-bound and unbound
forms of the Streptomyces sPLA,, is compatible with their
involvement in calcium binding.

However, the most striking feature revealed by x-ray diffrac-
tion analysis was the lack of about 80 N-terminal amino acids
with respect to the protein used for crystallization. A difference
in size of 5.5 and 8 kDa between the protein present in the
crystals (~14.5 kDa) and, respectively, the untagged (20-kDa)
or the His-tagged (22.4-kDa) forms of the protein utilized for
crystallization was confirmed by MALDI-TOF MS analysis on
dissolved protein crystals (not shown), suggesting that a self-
cleavage reaction might have occurred during the relatively
long time prior to crystallization.

Proteolytic Self-processing of ThSP1—As a consequence of
the above observation, the formation of the shortened, ~14.5-
kDa species was monitored with rTbSP1 purified from the sol-
uble fraction of BL21-Ori cells for 15 hat 37 °C. As shown by the
SDS-PAGE/MS data reported in Fig. 4 (A and B), about 50% of
the initial 22-kDa (M, 22,372) protein was converted into a
faster migrating species, whose size (M, 14,463) indicated that
cleavage had occurred after serine 85 (Fig. 4C), thus supporting
the crystal structure results. The three minor fragments
observed (MW 21,375, 20,678, and 19,999) (Fig. 4, B and C)
represent early products of digestion, generated by cleavage
within the His tag region, finally converting into the main 14.5-
kDa species. In contrast, no fragment with the size expected for
the complementary N-terminal polypeptide was detected. This
finding suggests that the cleaved N-terminal fragment is likely
to be unstructured and, therefore, rapidly degraded, as are the
His tag sequence and the polypeptide by-products in the case of
other self-processing reactions (32). A similar cleavage pattern,
albeit with a faster time course of digestion, was observed with
the TbSP1 protein purified from the soluble fraction of the
BL21-CodonPlus E. coli strain (BL21-CP). In this case, half-di-
gestion was reached after a 90-min incubation at 37 °C. Most of
the experiments reported in the present work were performed
with the protein isolated from the BL21-Ori strain.

TbSP1 extracted from inclusion bodies of either strain under
denaturing conditions, followed by renaturation of the purified
protein, exhibited an 80% reduced phospholipase activity (com-
pared with the protein derived from the soluble fraction) and
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FIGURE 4. Proteolytic self-processing of TbSP1. A, SDS-PAGE profile of recombinant 22-kDa TbSP1 purified from the BL21-Ori strain (lane 1, t, control) and of
the same protein incubated at 37 °Cfor 15 h at a concentration of 20 um (lane 2, t, ). B, MALDI-TOF analysis of the t, (upper spectrum) and the t, s (lower spectrum)
protein samples utilized for the experimentin A (see “Experimental Procedures” for details). C, map of the cleavage sites identified by MALDI-TOF analysis of the
digestion products generated upon incubation of TbSP1 from the BL21-Ori (empty arrowheads) or the BL21-CP (filled arrowheads) strain; upward pointing gray
arrowheads indicate the N-terminal amino acid residues revealed by x-ray analysis of ToSP1 crystals. D, recombinant 22-kDa TbSP1, prepurified by metal affinity
chromatography, was run on a Superdex 75 5/150 GL column at 4 °C (solid line), and the autoproteolytic activity of individual fractions was assayed by
SDS-PAGE analysis asin A (dots); the data shown are from one of three replicates that produced nearly identical results. The elution times and molecular weights
of protein standards run on the same column are reported above the chromatogram. E, same as D with the mature (14.5-kDa) form of TbSP1. Individual peak
fractions were assayed for proteolytic activity (black dots, right axis) using proteolytically inactive TbSP1 from inclusion bodies as substrate (see “Experimental
Procedures” for details).

very little, if any, autoproteolytic activity (data not shown). As  mation of 14,376-, 14,276-, and 13,934-Da fragments besides
revealed by DTNB titrations (not shown), no reactive sulfhydryl ~ the main 14,463-Da fragment. However, most cleavage sites,
group could be detected either in soluble TbSP1 or in TbSP1 including those located within the 24-amino acid His tag
renatured from inclusion bodies, indicating formation in both  sequence, were found to be adjacent to Ser residues (Fig. 4C).
cases of the two disulfide bonds observed in the crystal struc-  Substitution of these Ser residues (Ser®?, Ser®®, Ser®®, Ser®®, and
ture. Nevertheless, we were unable to crystallize the renatured ~ Ser®?) with Ala caused a 20-fold increase of the apparent half-
form of the protein and tentatively conclude that catalyticactiv-  life of the 22-kDa BL21-CP TbSP1 species (from 1.5to 30 hata
ity and self-digestion critically depend on as yet unidentified 20 um protein concentration; data not shown), suggesting an
conformational features of TbSP1. important role of these residues in the self-cleavage reaction.
Local heterogeneity in the cleavage sites was observed with We then used different experimental approaches to test the
different TbSP1 preparations and/or incubation conditions. As  hypothesis of a contaminating protease as responsible for the
an example, in the case of BL21-CP cells, we observed the for-  observed cleavage reaction. First, we applied a further purifica-
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FIGURE 5. Autoproteolytic capacity of HPLC-purified TbSP1. A, HPLC chromatogram of His-tagged pro-TbSP1, prepurified by metal affinity and anion
exchange chromatography, run on a reverse-phase uRPC C2/C18 ST 4.6/100 column and eluted with a 0—80% acetonitrile gradient (straight line, left axis) in
0.05% trifluoroacetic acid. Peak fractions were collected, transferred to an aqueous buffer, and analyzed for phospholipase activity (filled circles, right axis) as
well as self-proteolysis at time 0 (t, control) and after a 15-h incubation at 37 °C (t,5) by both SDS-PAGE (B) and MALDI-TOF (C) (see “Experimental Procedures”

for details).

tion step based on gel filtration and monitored the phospho-
lipase and autoproteolytic activities of the resulting fractions.
As shown in Fig. 4D, both activities co-eluted as a single peak
with an apparent molecular mass of ~22 kDa. The digestion
pattern of gel-filtered TbSP1, which appears to be present in
solution as a monomer, was identical to that of the input pro-
tein (not shown). A similar co-elution of phospholipase and
proteolytic activity (using proteolytically inactive pro-TbSP1
isolated from inclusion bodies as substrate; see below) was
observed upon gel filtration of the preformed 14.5-kDa species
(Fig. 4E). The only way to explain these results in terms of a
“contaminating protease” would be to imagine the rather
unlikely occurrence in TbSP1 prepurified by metal affinity and
anion exchange chromatography of two distinct proteases co-
eluting with apparent molecular masses of ~14 and 22 kDa. To
rule out this possibility, we tested the autoproteolytic activity of
prepurified pro-TbSP1 further subjected to a high resolution,
reverse-phase purification step, carried out in the presence of
0.05% trifluoroacetic acid and increasing concentrations
(2—80%) of acetonitrile. As shown in Fig. 5, both phospholipase
and autoproteolytic activities, which eluted at 35% acetonitrile,
were recovered from this rather harsh purification step, and the
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22.4-kDa species subjected to this additional purification dis-
played an autoproteolysis profile indistinguishable from that
previously observed with less purified TbSP1 preparations. Fur-
ther evidence against TbSP1 cleavage supported by a contami-
nating protease was obtained by testing the autoproteolytic
capacity of recombinant untagged pro-TbSP1 expressed in
E. coli as a culture medium-secreted protein and purified by
ammonium sulfate fractionation, followed by anion exchange
and reverse phase chromatography (supplemental Fig. S2). Also
under these radically different expression/purification condi-
tions, the autoproteolytic activity of TbSP1 was retained, with
about the same rate of self-cleavage as observed with TbSP1
derived from soluble bacterial lysates. Altogether, the above
findings, along with the fact that identical results in terms of
self-cleavage capacity were obtained with the natural protein
purified from truffle mycelia (see below) strongly argue against
the hypothesis of a contaminating protease and indicate that
self-cleavage is a genuine feature of the TbSP1 phospholipase.

Autoproteolytic Activation of the TbSP1 Phospholipase—The
fact that self-cleavage appears to be a genuine property of
TbSP1 suggests that after removal of the signal peptide, the
enzyme is converted into a proprotein. Pro-TbSP1 is then pro-
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TbSP1) was 415 nmol of product/min/ng of protein. Error bars, S.D.

teolytically converted into the mature (14.5-kDa) and fully
active species, through a zymogen activation-like process.
Therefore, we monitored self-cleavage and phospholipase
activity in parallel, as a function of time. As shown in Fig. 6,
PLA, activity, assayed with 2-linoleoyl-1-palmitoyl-sn-glycero-
3-phosphocholine, increased with the accumulation of increas-
ing amounts of the 14.5-kDa species and reached a final value
~50-fold higher than the initial one (attributable to the 22-kDa
protein). Similarly to other hydrolytic enzymes, fine tuning of
TbSP1 activity thus appears to rely on a proteolysis-dependent
maturation process.

To gain further insight into this process and its potential
physiological implications, we examined the natural enzyme
extracted from T. borchii mycelia subjected to nutrient starva-
tion, a condition previously shown to enhance ThSP1 expres-
sion and accumulation, mainly on the outer surface of Tuber
hyphae (16, 17). To this end, equal amounts of total protein
derived from TbSP1-enriched extracts prepared by aqueous
washing of either nutrient-sufficient or nutrient-deprived
mycelia were fractionated by SDS-PAGE and probed with an
anti-TbSP1 antibody. As shown by the immunoblot data in Fig.
74, an overall increased immunoreactivity and a faster migrat-
ing species (14.5 kDa) were observed in aqueous washings from
nutrient-starved mycelia, whereas a single immunoreactive
band with the molecular mass expected for natural (non His-
tagged) pro-TbSP1 (20 kDa) was detected under nutrient-suf-
ficient conditions. This result points to the accumulation of the
processed form upon nutrient starvation and was reproduced
in vitro upon incubation of pro-TbSP1 purified to near homo-
geneity from nutrient-starved 7. borchii mycelia. Under condi-
tions identical to those applied to recombinant TbSP1, a com-
parable amount (~50%) of pro-TbSP1 underwent cleavage and
was converted into a shortened species with a molecular mass
(14,463 Da) identical to that observed upon self-processing of
the recombinant proprotein (Fig. 7B). As revealed by phospho-
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lipase activity assays, carried out on both the natural proprotein
and its processed form, PLA, activity of the processed form was
~80-fold higher than that of the full-length species (Fig. 7C).
Also notable was the formation under these conditions of a
processed TbSP1 form with a molecular mass (14,463 kDa)
identical to that observed upon self-processing of recombinant
pro-TbSP1. Formation of an identically sized processed species
with both bacterially expressed and natural pro-TbSP1 isolated
from fungal mycelia argues once again against a contaminating
protease as responsible for TbSP1 processing.

TbSP1 Self-processing Proceeds via an Intermolecular Endo-
proteolytic Mechanism—Having established that TbSP1 prote-
olysis leads to the production of a fully active mature enzyme,
we asked whether TbSP1 self-cleavage occurs via an intramo-
lecular (“cis-acting”) or an intermolecular (“trans-acting”)
mechanism. Initially, we addressed this issue by exploiting the
distinct kinetics of these two mechanisms; a unimolecular reac-
tion would exhibit first-order kinetics and a rate constant inde-
pendent of protein concentration, whereas a bimolecular reac-
tion would exhibit second-order kinetics and a rate constant
dependent on protein concentration. As shown in Fig. 84, the
observed rate constant of the self-cleavage reaction increased
with increasing protein concentrations, indicating that TbSP1
autoproteolysis is likely to occur via an intermolecular mecha-
nism. Further evidence for this type of mechanism was pro-
vided by the observation that the isolated 14.5-kDa species,
purified by gel filtration, promoted digestion of the proteolyti-
cally inactive proprotein isolated from inclusion bodies (Fig.
4E).

The purified 14.5-kDa species also cleaved site-specifically
(i.e. at a position equivalent to that of Ser®®) a fusion protein
consisting of the N-terminal region of TbSP1 (amino acids
32-119) fused to the N-terminal end of E. coli Trx. In conclu-
sion, it appears that proteolysis mainly occurs in trans and that
active TbSP1 is catalytically competent to digest even a heter-
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FIGURE 7. Autoproteolytic activation of TbSP1 isolated from T. borchii mycelia. A, immunoblot analysis of aqueous extracts (5 ug of total protein each)
derived from T. borchii mycelia grown for 14 days on complete synthetic medium and then shifted for 7 days to either the same medium (nutrient-sufficient,
mock-shifted control; lane 2, +), or to the same medium lacking nitrogen (lane 3, —N) or carbon (lane 4, —C). A partially digested sample of untagged rTbSP1
was run as a size marker in lane 1. B, MALDI-TOF spectra of TbSP1 (20 um) purified to near homogeneity from T. borchii mycelia (upper spectrum, t,) and of the
same protein incubated for 15 h at 37 °C (lower spectrum, t,); a map of the cleavage sites identified by MALDI-TOF analysis (t;s) of the t;s product is shown at
the bottom. C, PLA, specific activity of undigested TbSP1 (white bar) and of the corresponding 14.5-kDa fragment (gray bar) generated upon complete

autoproteolysis in vitro. Error bars, S.D.

ologous protein. Furthermore, the data indicate that the 14.5-
kDa fragment is the catalytically active component, although
we are unable to describe the events that initiate self-processing
of the full-length proprotein.

The 14.5-kDa form of TbSP1 was also produced in an exper-
iment (shown in Fig. 8B), in which His-tagged thioredoxin and
pro-TbSP1 were fused by joining the C-terminal end of thiore-
doxin with the N-terminal end of pro-TbSP1 via a four-amino
acid linker. The complementary (19.8-kDa) polypeptide was
transiently detected under the conditions of this experiment.
As expected, digestion products were generated at a consider-
ably faster rate upon supplementation of preformed 14.5-kDa
TbSP1 (5 um). It can be concluded that TbSP1 digestion pro-
ceeds via an endoproteolytic mechanism that does not require a
free TbSP1 N terminus.

Factors Influencing TbSP1 Phospholipase and Autoproteo-
lytic Activities—Phospholipase and autoproteolytic activities
were temperature-dependent, and both peaked at fairly high
temperatures. As shown in Fig. 94, the apparent optimal tem-
peratures for PLA, activity were 55 and 50 °C for the proprotein
and the processed form of TbSP1, and the two forms retained
50% residual activity at 72 and 62 °C, respectively. When
assayed at increasing temperatures, in the presence of the PC
substrate, autoproteolysis was maximal at 50 °C, and 50% resid-
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ual activity was retained upon incubation for 15 h at 59 °C.
Considering the strikingly different incubation times (10 min
versus 15 h) required by the two assays, the difference between
the optimal and the half-denaturation temperatures of the two
activities is not so surprising. TbSP1 proved to be not only ther-
mally stable when its enzymatic activities were tested at
increasing temperatures under typical assay conditions, but it
was also resilient to irreversible denaturation/inactivation fol-
lowing exposure to temperatures as high as 100 °C, thus pre-
cluding thermal stability experiments as a means to compare
the thermal resistance of the two activities. In fact, about 60% of
phospholipase and autoproteolytic activity was recovered after
heating for 20 min at 100 °C in the presence of the PC substrate
without added calcium (i.e. under non-permissive conditions
for PLA, activity; see below). In contrast, no autoproteolytic
activity was recovered under otherwise identical conditions but
in the absence of the PC substrate. This finding, namely the
stabilization of autoproteolytic activity by a specific PLA,, sub-
strate, points once again to autoproteolysis as an intrinsic fea-
ture of TbSP1.

As further shown in Fig. 9B, phospholipid hydrolysis and
autoproteolysis exhibited rather different pH dependence
curves, with the latter activity shifted toward higher pH values
compared with PLA, activity. This indicates that different
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B, MALDI-TOF spectrum of the reaction products resulting from incubation
(30 min at 37 °C) of a chimeric protein containing pro-TbSP1 fused to the
C-terminal end of E. coli thioredoxin (Trx-TbSP1); peaks corresponding to the
input Trx-TbSP1 protein and to the 14.5-kDa fragment generated upon auto-
proteolysis are indicated.

amino acid residues are likely to be responsible for the two
activities. Such a conclusion is also supported by the observa-
tion that substitution of His'*” with Gly, which is conserved
among group XIV sPLA,s and is essential for phospholipid
hydrolysis, completely abolished phospholipase activity with-
out any appreciable effect on proteolysis. Furthermore, the two
activities displayed distinct Ca>" requirements.

Ca®* supplementation was absolutely required for phospho-
lipid hydrolysis, with apparent Ca®>* dissociation constants
(measured as half-saturation of PLA, activity) of 141 = 19 and
118 = 29 uwm for the proprotein and the mature form of the
enzyme, respectively (Fig. 10A4). In contrast, self-proteolysis
was only marginally affected by either Ca>* removal or supple-
mentation (Fig. 10B). Consistent with the Ca>" independence
of autoproteolysis, substitution of the predicted calcium-coor-
dinating residues Asp'*® and Asp'*® with Asn strongly reduced
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both Ca®" binding affinity (K, = 865 = 186 um for D126N; too
high to be determined for D148N) and phospholipid hydrolysis,
with no effect on autoproteolytic activity (Fig. 10A).

Among the different classes of protease-blocking reagents
that were tested as inhibitors of the self-cleavage reaction, only
sulfonyl fluoride serine protease inhibitors turned out to be at
least partially effective. Both phenylmethylsulfonyl fluoride
(PMSF) and 4-(2-aminoethyl)benzenesulfonyl fluoride pre-
vented TbhSP1 self-digestion during a 24-h incubation at 37 °C
without affecting phospholipase activity. However, after an
additional 24-h incubation, the 14.5-kDa fragment became
again detectable. Similar results were obtained with TmelPLA2
(data not shown). Although this partial inhibition is not yet
understood, we note that a similar effect of PMSF has been
reported previously for self-cleavage of the A repressor and ten-
tatively attributed either to burying of a critical Ser residue or to
the loss of the phenylmethylsulfonyl moiety after prolonged
incubation at 37 °C (33).

DISCUSSION

Fungal phospholipases are the most abundant but structur-
ally least well known members of fungal/bacterial group XIV
sPLA,s. Some of these enzymes, including the truffle SPLA,s
addressed in this work, exhibit heterogeneity with respect to
the presence, length, and location of N-terminal (or C-termi-
nal) extra sequences flanking the conserved catalytic module
(see Fig. 1 and supplemental Fig. S1). Fungal sPLA,s are also of
biotechnological interest as food-processing enzymes, with
superior safety properties compared with the currently used
animal phospholipases (34).

We provide here the first three-dimensional structure of a
fungal sPLA, that closely resembles the domain architecture of
the homologous bacterial enzyme from S. violaceoruber (15),
with the exception of a few localized features (e.g. a different
orientation of the N-terminal region, a shorter turn between
helices «; and «,, and a displacement of the loop connecting
helices a, and ;). The most surprising finding from the x-ray
diffraction analysis of the TbSP1 phospholipase was the lack in
the crystal structure of the 54 N-terminal amino acids that, in
the native protein, are interposed between the signal peptide
and the catalytic core of the enzyme. Functional analyses
showed that this is due to an autoproteolytic event that causes
an up to 80-fold increase of phospholipase activity. We also
showed that the excision process occurs via an intermolecular
mechanism. In contrast to other self-cleaving proteins (35, 36),
where self-processing appears to rely upon protein oligomeri-
zation, TbSP1, which crystallized with two monomers per
asymmetric unit of the crystal unit cell, was found as a mono-
mer in solution, both in the case of the full-length proprotein
(Fig. 4D) and of the processed form (Fig. 4E). An intermolecular
self-cleavage reaction, mediated by a catalytic Ser residue, has
previously been shown to be responsible for the extracellular
release of the adhesin domain of the Hap autotransporter pro-
tein of Hemophylus influenzae (37). Based on various lines of
evidence, we have ruled out a contaminating protease as
responsible for TbSP1 processing. These include co-recovery of
phospholipase and autoproteolytic activity under very different
expression and purification conditions, including the natural
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FIGURE 9. Temperature and pH dependence of the autoproteolytic and phospholipase activities of TbSP1. A, autoproteolytic activity (filled circles) of
pro-TbSP1 (BL21-Ori, 20 um), measured by SDS-PAGE after incubation for 15 h at the indicated temperatures in the presence of the PC substrate (5 mm), without
calcium. Also shown is the phospholipase activity of pro-TbSP1 (filled squares) and mature ToSP1 (empty squares) (BL21-Ori, 0.05 um), measured after a 10-min
incubation at the indicated temperatures in the presence of 5 mm PC and 30 mm CaCl,. B, pH dependence of TbSP1 autoproteolytic (22-kDa form; filled circles)
and phospholipase (14.5-kDa form; empty squares) activities (see “Experimental Procedures” for details). Error bars, S.D.

TbSP1 protein isolated from T. borchi mycelia, as well as after
exposure to organic solvents (acetonitrile/TFA) and incubation
at 100 °C. Also worth noting, in this regard, is the absolute
requirement for a phospholipase-specific substrate in order to
recover autoproteolytic activity following heat treatment. The
expectedly specific binding of the phospholipid (PC) substrate
to TbSP1 strongly argues against PC-induced stabilization of a
generic contaminating protease. In addition, even assuming the
presence of a contaminating, heat-resistant protease, the
expected effect of the PC phospholipid on pro-TbSP1 would be
a reduced sensitivity to proteolysis due to substrate-induced
conformational stabilization rather than preservation of auto-
proteolytic activity, as we observed. Although we have not been
able, so far, to map the site of TbSP1 that is responsible for
autoproteolytic activity, different data indicate that a site com-
prised within the mature form of the enzyme but distinct from
the sPLA, active site is responsible for such activity. These
include the abrogation of phospholipase but not protease activ-
ity, brought about by mutagenesis of His'*, a key residue of the
His'*”-Asp'*® catalytic dyad, and the inhibitory effect of PMSF
and 4-(2-aminoethyl)benzenesulfonyl fluoride on proteolytic
(but not PLA,) activity. Also in line with the occurrence of two
distinct sites are the different pH and Ca®>* requirements exhib-
ited by the two activities.

Pro-TbSP1 cleavage occurs within a serine-rich region (Fig.
4C). Substitution of these Ser with Ala residues strongly
reduced but did not abolish TbSP1 cleavage, suggesting that
other features of this region, besides amino acid sequence, may
be important for autoproteolysis. It is interesting to note, in this
regard, that only one of 26 potential V8 protease and 27 poten-
tial chymotrypsin cleavage sites present in pro-TbSP1 was
cleaved by either protease under limited proteolysis conditions
(supplemental Fig. S3). Both cleavage sites (Glu”® and Phe®?, for
V8 and chymotrypsin, respectively) are located within the Ser-
rich region that connects the N-terminal polypeptide to the
catalytic module of the enzyme. This suggests that a high intrin-
sic flexibility and/or solvent exposure of the cleavage site
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region, rather than amino acid sequence per se, are important
prerequisites for TbSP1 autoproteolysis and target specificity.
In keeping with this view, we also note that, despite the pres-
ence of an Asp rather than a Ser residue before the self-cleavage
site, a similarly sized, mature and catalytically activated species
(14.2 kDa) was obtained with the orthologous sPLA, from
T. melanosporum (supplemental Fig. S4 and Fig. 4C). Also
worth noting is the fact that whereas TbSP1 proteolysis by
exogenous proteases (chymotrypsin and V8) increased with
increasing incubation times, leading to complete digestion after
>60-min incubation (supplemental Fig. S3) (data not shown),
TbSP1 self-cleavage and accumulation of the 14.5-kDa species
reached a stable end point and remained essentially constant
even after the 4-week time required for crystallization.
Autoproteolysis is a post-translational regulatory mecha-
nism involved in an increasing variety of biological processes. A
peculiar feature of pro-TbSP1 processing compared with the
autoproteolytic cleavage and activation of other proproteins
(e.g. kexin and furin) (38, 39) is that it occurs at the cell surface
rather than in the endoplasmic reticulum or other compart-
ments of the secretory system and that it is strongly enhanced
by nutrient deprivation (16, 17). Nutrient, especially nitrogen,
shortage promotes a variety of developmental transitions in
fungi (40) and is thought to represent an important prerequisite
for symbiosis establishment in the case of ectomycorrhizal
fungi (41). The TbSP1 phospholipase is not only up-regulated
in response to nutrient starvation (16, 18), but it is also highly
expressed in mycorrhizae (17), and its ortholog from T. mela-
nosporum is among the top 1% of genes whose expression is
up-regulated by more than 100-fold in the symbiotic stage com-
pared with free-living (nutrient-sufficient) mycelia (21). As
revealed by the present study, post-translational autoproteo-
lytic activation can further enhance TbSP1 activity in response
to nutrient deprivation and, perhaps, also in the context of sym-
biosis establishment and mycorrhiza formation. Of note, lyso-
phosphatidylcholine, a typical product of PLA, activity, includ-
ing TbSP1 (16), has been identified as a signal promoting the
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autoproteolytic activities of TbSP1. A, PC hydrolysis supported by pro-
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Data were fitted to a hyperbolic equation by the nonlinear least square
method. B, autoproteolytic activity measured by incubating Ca®"-unsupple-
mented pro-TbSP1 (40 um; gray bar), the same protein supplemented with 10
mm CaCl, (white bar), or pro-TbSP1 treated with 5 mm EDTA, followed by EDTA
removal (black bar) for 15 h at 37 °C; reaction mixtures were analyzed by
SDS-PAGE and MALDI-TOF MS as specified under “Experimental Procedures.”
Error bars, S.D.

expression of colonization-related genes in the arbuscular
mycorrhizal symbiosis (4). Also, the membrane phospholipid
composition has been shown to be critical for nodule formation
and symbiosis establishment by leguminous plant-symbiotic
bacteria (42, 43).

Given the intermolecular nature of TbSP1 autoproteolysis, it
is conceivable that TbSP1 overexpression and accumulation at
the hyphal surface, as observed in nutrient-starved mycelia and
in mycorrhizae (16, 17), may be important factors promoting
the cleavage reaction. A similar mechanism (i.e. an increase of
intermolecular autoproteolysis as the surface density of the pre-
cursor protein increased in the outer cell membrane) has been
demonstrated for the Hap protein of H. influenzae (37).
Another potential consequence of pro-TbSP1 processing,
besides phospholipase activation, might be a facilitated release
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of the mature fully active enzyme due to removal of a putative
adhesion motif (RGD in TbSP1 and the functionally equivalent
RGN tripeptide (44) in the orthologous TmelPLA, from
T. melanosporum) that is present in the N-terminal sequence
and is cleaved off from the mature protein following proteolytic
processing. The occurrence and potential functional signifi-
cance of similar RGX adhesion motifs associated with other
surface proteins in fungi (45) and in some metazoan sPLA,s
(46) has been documented before. A similar, albeit intracellular
mechanism (i.e. protein relocalization mediated by autoproteo-
lytic cleavage of an ER retention signal-containing N-terminal
polypeptide) has been reported for various subtilisin-like pro-
protein convertases (47—49). Also worth noting, especially in
the context of a surface-associated protein that may be released
into the root space, is the marked chemical and thermal stabil-
ity of TbSP1, documented for the first time in this work.

Truffles, such as the T. borchii and T. melanosporum species
addressed in this work, are economically and environmentally
important filamentous fungi that establish mutualistic associa-
tions with the roots of most trees found in temperate and boreal
forests through the formation of specific symbiotic structures
called ectomycorrhizae. A key question for future studies,
which will take advantage of the presently demonstrated ability
of TbSP1 to support its own proteolytic processing and activa-
tion, concerns the specific functional consequences of phos-
pholipase A, up-regulation in the context of the response to
nutrient deprivation stress and ectomycorrhiza formation.
These include nutrient scavenging, remodeling of the hyphal
surface, host plant phospholipid hydrolysis, and the generation
of lipid-derived signaling molecules as non-mutually exclusive
possibilities. It will also be interesting to find out whether a
similar autoproteolytic activation mechanism applies to fungal
sPLA,s bearing C-terminal rather than N-terminal polypeptide
extensions.
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