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ABSTRACT: A low-molecular weight phospholipase.#Aom Arabidopsis thalianaisoform phospholipase

Az-a, has been expressed Escherichia coliin the form of inclusion bodies, refolded, and purified to
homogeneity to yield the active mature enzyme. The enzyme was characterized with respect to pH,
temperature optimum, and &aion requirement. The enzyme has been shown to be a true secretory
phospholipase Athat requires Ca ions in the millimolar range and belongs to group XIB. On the basis

of the three-dimensional structures of secretory phospholipaserfs (sPLAsS) from bee venom and
bovine pancreas, a homology model was generated. Analysis of this model and alignments of different
plant sPLAs showed that the common His-Asp dyad of animal sfL.does not exist in plant sPL#&

In place of the aspartate residue of the dyad, the plant enzymes of group XIA contain a histidine residue,
and the enzymes of group XIB contain a serine or an asparagine residue. Mutagenesis of amino acids
supposed to be involved in catalysis has shown that His62, the calcium-coordinating Asp63, and the
above-mentioned Ser79 residue are essential for activity.

The large phospholipaseAPLA,)! superfamily is defined ~ According to the localization and the properties of its
by the ability of their members to catalyze the hydrolysis of members, the PLAsuperfamily is divided into 14 groups
the 2-acyl ester bond of 1,2-diacgih3-phosphoglycerides. (1, 2). On the basis of their structure and function, four
different types of PLAs can be defined: (i) secretory PhA
*To whom correspondence should be addressed: Department of(sP|_As) (groups +lII, V, and IX—XIV), (i) calcium-
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Strasse 3, D-06120 Halle, Germany. Phorel9 345 5524865, Fax. ~ dependent cytosolic PLA (cPLAS) (group IV), (iii) calcium

+49 345 5527303. E-mail: mansfeld@biochemtech.uni-halle.de. independent cytosolic PLA (iPLA:s) (group VI), and (iv)
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1 Abbreviations: AtsPLA, secretory phospholipase,Arom A. sPLAss (EC 3.1.1.4) which hydrolyze phospholipids in a
thaliang Bis-tris-propane, 1,3-bis[tris(hydroxymethyl)methylamino]- calcium-dependent manner are mainly found in the venoms

propane; bpPLA bovine pancreatic PLAbvPLA,, bee venom PLA . A
Caps, 3-(cyclohexylamino)-1-propanesulfonic acid: DOPC, 1,2-dioleoyl- of snakes and insects, pancreatic juices, and extracellular

snglycero-3-phosphocholine; GAnHCI, guanidine hydrochloride; GSH, fluids. Important common structural features are their high
reduced glutathione; GSSG, oxidized glutathione; IPTG, isopiiuy| disulfide bond content, two well-conserved central helices,

thiogalactopyranoside; PC, phosphatidylcholine; BLghospholipase ; i i~ Hic. ;
Az; PMSF, phenylmethanesulfonyl fluoride; ppP4.forcine pancreatic high stability, a catalytic His-Asp dyad, a hydrogen bonding

PLA2; SPLA, secretory phospholipase;AsvPLA,, secretory phos- networ.k cpnnecting the_ inter_fac.ial binding site and the
pholipase A from the venom oNaja naja catalytic site, and a calcium-binding loop. These structural
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features have been investigated in detail for many sBLA Construction of AtsPLAa Variants The variants H62Q,

from animal sources and were correlated with the functional D63N, S79A, and S79D were created with the QuikChange

properties of these sPLA (3). site-directed mutagenesis kit (Stratagene, La Jolla, CA)
cPLAss are characterized by a C2 domain at the N- according to the instructions of the supplier using wild-type

terminus, involved in calcium-mediated phospholipid bind- DNA as a template and the following primers: H62Q; 5
ing, and the GXSGS motif, which is, like the similar GXSXG TGTTGCATGAAACAAGACGCTTGTGTCCAATC-3 (for-

consensus motif of lipases, essential for catalysis. Theward); D63N, 5GTTGCATGAAACATAACGCGTGT-
catalytically active serine residue in this motif forms, together GTCCAATCCAAG-3 (Mlul) (forward); S79A, 5-CTA-
with a conserved aspartate residue, the Ser-Asp dyad, whictAGCCAAGAGTGTGCACAGAAGTTCATTAAC-3' (Apa-
is located in a deep cleft at the center of a predominantly LI) (forward); and S79D, SCTAAGCCAAGAGTGTGAT-

hydrophobic channel4j. iPLA,s are also characterized by CAGAAGTTCATTAAC-3' (Bcll) (forward) (sites of mu-
an active site serine in a lipase consensus mbjif ( tation are marked by bold letters, recognition sequences of

In comparison to that of animal PLo8, the knowledge of ~ introduced restriction sites are underlined, and restriction
PLAs from plants is rather pooB). However, within the endonucleases used for screening are given in parentheses).
past decade, some plant cDNAs encoding RLhave been The successful introduction of the mutation was checked by
cloned. The corresponding enzymes can be assigned to twgontrol digestion with the corresponding restriction endo-
different groups. The members of the first group are small nucleases and subsequent DNA sequencing of positive
secretory PLAs (7—14), which show a significant degree Mutant clones. The enzyme variants were produced and
of similarity with animal sPLAs in the active site and the ~Purified as described for the wild-type enzyme.
calcium-binding loop regions. These enzymes belong to EXpression and Isolation of the ProteiWild-type and
groups XIA and XIB () and will be in the focus of this ~ Mutant proteins were produced in BL21(DES3) cells (MERCK
paper. Biosciences, Schwalbach, Germany). Cells were grown in

The second class of phospholipid-degrading enzymes in-B medium, supplemented with 2zg/mL kanamycin, at

; ; ; w0 37 °C. Expression was induced by addition of 1 mM
plants consists of the patatins. They display nonspecific lipid ; . .
acyl hydrolase as well as acyl transferase activities and are!sopropylﬂ-o-th|ogalactopyran05|de (IF.)TG)' Four hours after.
nduction, cells were harvested and disrupted using a Gaulin

considered to be storage proteins. Most patatins are localize ) N )
gep b omogenizer (APV Gaulin, Theck, Germany). Inclusion

in the vacuoles 15—17). Recently, the active sites of ; ) . .
: : : bodies were collected by centrifugation for 15 min at 3Gp00
cytosolic or partially membrane-bound patatins have been - . X
Y P y P and 4°C and subsequently solubilized in 100 mM Tris-HCI

shown to contain a catalytically active Ser-Asp dyd®, ( e -
19). Four members of this class of enzymes are homologousbuffe,r (pH 8.3) containig 6 M GdnHCI (guanidine hydrq—
to animal iPLAs (20). chlo_rlde), 100 mM DTT, and 1 mM EI_DTA. _After dlaly3|§
again$ 4 M GdnHCI and 20 mM acetic acid, the protein
was renaturedni 1 M Tris-HCI buffer (pH 8.3-8.5)
containing 0.6 mM reduced glutathione (GSH), 3 mM
oxidized glutathione (GSSG), 1 mM EDTA, and 11 mM
CaCl at a protein concentration of 505 ug/mL. The
renaturation mixture was concentrated by ultrafiltration using
a 3 kDa Omega membrane (PALL Filtron, Dreieich,
Germany). After buffer exchange on a HiPrep 26/10 desalting
column (Pharmacia Biotech, Freiburg, Germany), the enzyme
was purified on a MonoQ HR5.5 column (Pharmacia
Biotech) equilibrated with 50 mM Tris-HCI buffer (pH 8.5).
The protein was eluted with a linear NaCl gradient (from 0
to 0.5 M) in 50 mM Tris-HCI buffer (pH 8.5) and 10 mM

In this paper, we report on the production of one of the
four isoforms of sPLAfrom Arabidopsis thaliangAtsPLA,-
a) by heterologous expression iBscherichia coliand
renaturation from inclusion bodies as well as its biochemical
characterization. Three-dimensional homology models, gen-
erated on the basis of the crystal structures of sBLffom
bee venom (bvPLA and bovine pancreas (bpPL)Aallow
first insights into the three-dimensional structures of Ats-
PLA-o. and . Amino acids supposed to be involved in
the catalytic mechanism of AtsPLAx are probed by site-
directed mutagenesis yielding distinct indications that the
catalytic machinery might deviate from that of animal

SPLAgsS. CaCb.
Protein Concentration DeterminatiofProtein concentra-
MATERIALS AND METHODS . . . .
tions were determined by the Bradford (Sigma, Taufkirchen,
Cloning of AtsPLA-a.. The mature sequence of AtsPL& Germany) or BCA protein assay (Pierce, Bonn, Germany)

was amplified by PCR using thArabidopsisEST clone with bovine serum albumin as a standard according to the
U17374 (TAIR, Arabidopsis Biological Ressource Center, instructions of the supplier.

DNA Stock Center, Columbus, OH) as a template and the CD SpectroscopyCD spectra in the far-UV region were
primers >GGAATTCCATATGCTTAACGTCGGTGTTC- recorded at 20C using a Jasco-810 CD spectrophotometer
3 (Ndel) and 5>CCCAAGCTTACGGTTTCTTGAGGAC- (Labor-und Datentechnik GmbH) in a quartz cell with a path
3 (Hindlll) for cloning into pET-26b{) (MERCK Bio- length of 1 mm at a protein concentration of 0.2 mg/mL.
sciences, Schwalbach, Germany) (restriction sites for cloning  Activity MeasurementsPLA; activities were routinely
into the vector are underlined). The PCR products were determined with 1,2-dioleoydn-glycero-3-phosphocholine
digested with Ndel and Hindlll (New England Biolabs, (DOPC) (kindly donated by Lipoid GmbH, Ludwigshafen,
Frankfurt, Germany) and ligated into the vector, which was Germany) as the substrate. DOPC (10 mg, l2n7ol),

cut by the same enzymes. The correctness of the nucleotidedissolved in 20Q:L of chloroform and 10Q:L of methanol,
sequence of the inserts was verified by DNA sequencing was dried in a vacuum. The lipid film was dissolved in 600
using the SequiTherm EXCEL DNA sequencing kit (Epi- uL of buffer containing 0.5 M Tris-HCI (pH 8.3), 42 mM
centre, Madison, WI). Triton X-100, 8 mM SDS, and 42 mM Cagiby vortexing
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for 15 min. The enzymes were incubated for3 min at assess the validity of the homology models, the structures
37 °C with 1.3umol of substrate in a total volume of 100 were energy-minimized in a stepwise manner allowing side
ulL. Aliquots (10uL) were removed after defined times of chain atoms to relax at first followed by backbone atoms
incubation, and the reaction was stopped by addition of 10 before the complete structure was permitted to relax. The
uL of 0.2 M EDTA. Initial rates were determined from the Tripos force field, implemented in the SYBYL molecular

increase in the amount of released fatty acid determined bymodeling package, was used for all energy calculations using
the NEFA C kit (WAKO Chemicals, Neuss, Germany) a distance-dependent dielectric constant of 4, with a non-
according to the method of Hoffmann et &1J. The same bonded cutoff of 8 A. Energy minimization was effected

procedure was used for lysophosphatidylcholine or -etha- using the Powell algorithm until an energy convergence

nolamine from soybean, each of which was also kindly
donated by Lipoid GmbH (Ludwigshafen, Germany).

In addition, the sPLAKkit (Cayman Chemical, Ann Arbor,
MI) was used by following the manufacturer’s instructions.
This kit is based on the detection of free thiols that are
formed upon hydrolysis of the thioester bond of 1,2-bis-
(heptanoylthio)-PC by sPLAusing 5,5-dithiobis(2-nitroben-
zoic acid).

Activity toward 1-hexadecanoyl-2-(1-pyrenedecanayh)-

criterion of 0.05 kcal moft A-1 was reached. The stereo-
chemical quality of the models was evaluated using
PROCHECK @8). The quality of the final models was also
checked with PROSA Il to examine whether the modeled
protein structures contain partially misfolded sequences or
represent a natively folded structur29y.

RESULTS AND DISCUSSION
Identification and Sequence Analysis of AtsRA A

glycero-3-phosphocholine was measured according to theBLAST search in thé\rabidopsisgenome sequence database

method of Radvanyi et al2p).

The influence of phenylmethanesulfonyl fluoride (PMSF)
(Sigma, Taufkirchen, Germany) on activity of AtsPi-&
and porcine pancreatic sPLAppPLA) was determined by

with the sequence of sPLAfrom Dianthus caryophyllus
(GenBank accession number AF06473)4s the template
showed the existence of four sPL&oenzymes in this plant.
The isoenzyme with the highest degree of identity (73%)

preincubation of the enzyme solution in the presence of 1 Was present in clone U17374 (GenBank accession number

and 2 mM PMSF for 5 min at room temperature and a
subsequent activity assay as described above. ppfavo,
Bagsvaerd, Denmark) was a gift of Lipoid GmbH and
purified by K. Kdbel (Institute of Biotechnology, Halle,

AY136317) (TAIR, Arabidopsis Biological Research Center,
Columbus, OH), being identical to the gene of the more
recent database entry AY3448424). The corresponding
isoenzyme was named sPiA (10). The genes of Ats-

Germany) by Cation-exchange Chromatography (Mono S PLA>-a and ﬂ (GenBank accession number AF541915) are

HR5.5, Pharmacia Biotech).

The influence op-bromophenacylbromide was determined
by incubation of the enzyme in the presence of 2 mM
p-bromophenacylbromide at room temperature.

Determination of the pH Optimunthe following buffers

located on chromosome I, loci At2g06925 and At2g19690,
whereas the genes of AtsPk-4 and © (GenBank accession
numbers AY148346 and AY148347) are located on chromo-
some |V, loci At4g29460 and At4g29470.

Clone U17374 consists of 520 bp and contains an open

at a concentration of 75 mM were used: acetate buffer (pH reading frame of 447 bp encoding a protein of 148 amino

4.5-5.5), Mes buffer (pH 5.56.5), Bis-tris-propane buffer
(pH 6.5-9.5), Tris-HCI buffer (pH 7.6-8.5), and Caps buffer

(pH 9.5-11). The enzyme was incubated with the substrate

in the above-mentioned buffers at 3Z as described above.

Determination of the Temperature Optimuhine enzyme
was assayed between 20 and°@at pH 8.3 for 6 min as
described above.

Molecular Modeling of AtsPLAa and <. Homology
models of AtsPLA-a. and % were built using the homology
module COMPOSER of the SYBYL molecular modeling
package (SYBYL version 6.9, Tripos Associates Inc., St.
Louis, MO) on a Silicon Graphics Octane2 R12000 worksta-

acids. Using SignalP version 1.1 (http://www.cbs.dtu.dk), a
20-amino acid signal peptide was found.

Sequence alignments of this protein with the presently
known plant sPLAs revealed that AtsPLAo. can be
assigned to group XIBL( 2) due to its relatively high degree
of identity to rice PLA isoform Il (GenBank accessionn
number AJ238117) (49%). The enzymes frdn caryo-
phyllus isoform Il of Nicotiana tabacunfGenBank accession
number AB190178), the enzymes frdmjicopersicum escu-
lentum(GenBank accession number SGN-U224692)a-
bilis jalapa (GenBank accession number AF064732), and
Gossypium arboreurfiGenBank accession number BF275891),

tion. BLAST searches provided the related crystal structuresthe isoenzymes (GenBank accession numbers BG045671,

of animal sPLAs [PDB entry 1A3D with a resolution of
1.8 A (23), PDB entry 1POC with a resolution of 2.0 24),
PDB entry 1P2P with a resolution of 2.6 &%), and PDB
entry 1BP2 with a resolution of 1.7 A26) (http://us.ex-
pasy.org/cgi-bin/blast and http://www.ncbi.nlm.nih.gov/
BLAST with identity scores between 30 and 49% and

AW318251, and BE802011) fronslycine max and the
enzyme fromPopulus tremulugGenBank accession number
Al164389) with levels of sequence identity with respect to
AtsPLA-a. of 72, 61, 59, 48, 39, 39, 37, 39, and 38%,
respectively, as well as the enzyme from elm seedlifys (
belong to the same group. The enzymes fidtabacum

E-values between 0.017 and 0.12)] which were used asisoform Il, andL. esculentunare almost identical to each

template structures for homology modeling. The manually

other (86%).

created alignment between the selected animal and plant Isoenzyme | fromOryza satia (GenBank accession

SPLAys is presented in Figure 1 of the Supporting Informa-

number AJ238116), isoenzymes AtsPEA -y, and ¢ from

tion. The models were created as described in detail in theA. thaliang isoenzyme | fromN. tabacum (GenBank

Supporting Information.
To exclude side chainbackbone and side chaiside
chain clashes, SCWRL (version 3.0) was appli2d)(To

accession number AB190177), and one of the isoenzymes
from G. max(GenBank accession number Al522932) can
be sorted into group XIAL, 2). Within this group, the
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* kN \'%
Group XIB  Athalpha 'CG {DYLS o 39 s Q EinEvMNNESQKK 93
Diacar L1 MENW@KAHG 93
Gosarb ' 1K 3 GG 93
Glymax| IN NNRKNEIR 93
GlymaxII g NEMOKIIKNER 93
GlymaxI11 i NN NEIKNEK 93
Poptrem : . SS5TA-=-=-===--- 85
Mirjal »GENPCDGLDACCcMyupc VOESKDIND Y L S[0E CERANF LN MF.GL(; 53
Orysatll >'.'F|(|:l1 DN ee VD HERYD THNDDREAN TMMNEN LL S[MIDRVS - 89
Nictabl 1 ) )] SN R G LN[gV A |E| G 92
Lycesc LSEMVAKQTERIGC 02
Group x14 Athbeta QR VNRLSHRAT 75
Athgamma K 2 KRMVNKLSE$®] 1 T6
Athdelta r - -MTYVDEHKOQEORMVNELKQE1 76
Orysatl 4G - - LMAVKHEKQIKNMMRK VKEAG 8]
Nictabl ; SGC - -MTNVKMHEKIIKR{EI KKVOUER 53
GlymaxIV 'GKYCGAREYRIGC] -MTHVKEHKKLKN@ELTRE LE®IG 82

Ficure 1: Alignment of parts of the amino acid sequences of several srﬂtom plants. Accession numbers: sPjsArom A. thaliana
(AY136317 for Athalpha, AF541915 for Athbeta, AY148346 for Athgamma, and AY148347 for Athdelta), AF0647B2 daryophyllus

(Diacar), BF275891 foGo. arboreum(Gosarb), BG045671 (Glymaxl), AW318251 (Glymaxll), BEB02011 (Glymaxlll), and Al522932
(Glymaxl1V) for G. max SGN-U224692 fot.. esculentunfLycesc), AY319966 foM. jalapa(Mirjal), AB190177 (Nictabl) and AB190178
(Nictabll) for N. tabacum AJ238116 forO. satva isoform | (Orysat I), AJ238117 foD. satva isoform Il (Orysatll), and Al164389 for

Po. tremulugPoptrem). Stars denote the amino acid residues involved in calcium binding; triangles denote the amino acid residues putatively
involved in catalysis.

isoenzymes AtsPLAy and © are almost identical (76%). 10000
The comparison of the levels of amino acid identity between
sPLAs from group XIA and XIB yields values between 22
and 32%. All calculations of identities are based on the
sequences of the mature proteins. Figure 1 shows the most
important part of the alignment of a selection of plant
SPLAgs. The whole alignment is available as Figure 2 in the
Supporting Information.

Cloning Recombinant Productigrand Purification of
AtsPLA-a. As mentioned by Mansfeld et all?), the mature 15000 e
sequence of AtsPLAa was amplified by PCR and cloned 180 190 200 210 220 230 240 250 260
into the Ndel and Hindlll sites of pET-26#{. The
AtsPLA,-a gene was expressedin coli strain BL21(DE3) )
under standard grovvth conditions (LB medium, 3C, FI(.BURE 2: Far-UV CD spectra. .S.pectra were recorded in 5Q mM
. . . Tris-HCI buffer (pH 8.5) containing 10 mM Caght a protein
induction Wlth'l .mM IE’TG atan Ok pf ~1). The enzyme  concentration of 0.2 mg/mL.
accumulated in inclusion bodies, which could be isolated in

high purity. Expression was also performedil. scale using  fter renaturation. In addition, the activities and biochemical
a fed-batch fermentation process (results not shown). properties of the renatured enzyme were shown to be

After solubilization of the protein aggregates with 6 M jgentical to those of an enzyme obtained in soluble form by
GdnHCI and partial removal of the denaturant, the enzyme expression irP. pastoris(results not shown).

was renatured by reoxidation of the disulfide bonds using
the redox shuffling system (GSH/GSSG). The renaturation
yield was critically dependent on the composition of the
redox shuffling system. Optimal refolding was obtained by
fast dilution of the enzyme solution into the refolding buffer _ . ) ;
to a final protein concentration of 5&/5 ug/mL. The acid was detected upon incubation with AtsPied clas-
concentration of the enzyme solution by ultrafiltration proved SIYiNg AtsPLAx-a clearly as PLA.
to be the critical step due to the strong tendency of the protein  The specific activity of AtsPLA-a toward DOPC at 37
to form aggregates, probably caused by the high proportion °C was 16.7umol min~* mg™*. Substrates with short acyl
of hydrophobic amino acids (36%). Homogeneous Ats- chains and a thioester bond like 1,2-bis(heptanoylthio)-PC
PLA>-a. was finally obtained by anion-exchange chroma- were very poor substrates (results not shown). The rather
tography. However, yields of purification processes were still low activities of the plant enzymes might be one of the
rather low 3.5 mg of active protein/L of culture), requiring  reasons why these enzymes have been successfully isolated
further optimization. from plant materials only recently7). The temperature
Experiments to express AtsPkA in Pichia pastoris optimum of AtsPLA-a, determined at pH 8.3 with DOPC
yielded a soluble enzyme but in insufficient yield (results as the substrate, is between 30 and°@ The enzyme
not shown). retained 47% of its activity after incubation at 80 for 30
Biochemical Characterization of AtsPL#&. The purified min. The enzyme has no activity at 3€ at pH <6.5. The
protein still contained the start methionine as confirmed by pH optimum is between pH 8.0 and 9.5. The isoelectric point
N-terminal sequencing and mass spectrometry. The mass ohas been calculated with ProtParam (http://ca.expasy.org/
the start Met-containing mature protein was determined to tools/protparam.html) to be 8.0. The experimentally deter-
be 14 299.6 Da (calculated molecular mass of 14 299.9 Da).mined isoelectric point is 7.59. The enzyme requires
As proven by CD spectroscopy in the far-UV region millimolar amounts of CaGland is only marginally active
(Figure 2), the protein has acquired a native conformation in the absence of calcium ions.

5000 -

0_

-5000 -

-10000 -

[OlMRrW (deg cm2 dmol'l)
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No free fatty acids were liberated when AtsPL& was
incubated with lysophosphatidylcholine or -ethanolamine
from soybean. With 1-hexadecanoyl-2-(1-pyrenedecanoyl)-
snglycero-3-phosphocholine as the substrate, a labeled fatty
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Probably because of its large portion of hydrophobic amino A
acids, AtsPLA-a exhibits a strong propensity to aggregate,
which unfortunately has prevented attempts to elucidate the
tertiary structure by NMR or X-ray crystallography hitherto.

Homology Modeling Despite the low level of overall
sequence identity between the plant enzymes and the
enzymes from animal sources (7% for AtsPLA vs
bvPLA,, 14% for AtsPLA-a vs bpPLA), the regions of
the active site and the calcium-binding loop are highly
conserved (levels of identity between 31 and 64% in the
calcium-binding loop and between 56 and 63% in the region
containing the catalytic His residue and the adjacerit Ca
coordinating Asp residue). Furthermore, 12 cysteine residues
are conserved in all plant PLA that presumably form six  cys102
disulfide bonds. This prompted us to generate homology
models for AtsPLA-o. and .

The homology models of AtsPLAa and ¥ are based on
the crystal structures of several animal sBsAleposited in
the Protein Data Bank, especially sPis#rom the venoms
of Naja Naja(PDB entry 1A3D) andApis mellifera(PDB
entry 1POC) as well as from the pancreaso$ scrof{PDB
entry 1P2P) an8os taurugPDB entry 1BP2). For AtsPLA
o, the structure could be modeled between amino acid
residues Tyr35 and Cys102 (Figure 3A,B). The analysis of
energy-optimized structures regarding its stereochemical
quality using PROCHECK2A8) showed that dihedral angles
of all residues were located in most favored (45 residues,
78.9%) and additionally allowed regions (12 residues, 21.1%)
of the Ramachandran plot. All other criteria, such as peptide
bond planarity and hydrogen bond energy, were within values
statistically expected for proteins with a resolution below 2
A. Additionally, the evaluation of the quality of the modeled
structure with PROSA 1129) yielded an energy graph below
zero and &-score of—4 for the combined energy terms (pair
interactions and surface energy terms), which corresponds
to scores expected for a native fold of a sequence length of
68 amino acids. This supports the assumption that the ©¥!
modeled protein represents a natively folded structure. The
model is also consistent with secondary structure predictions
(e.g., PredictProtein at http://www.embl-heidelberg.de/pre-
dictprotein). The structures of the N- and C-terminal regions
could not be derived because of the very low levels of
homology of AtsPLA-a and # to the animal enzymes. Ficure 3: Homology model of AtsPLAa based on the structures

The central part of the molecule of AtsPk& is of sPLA:s from bee venom and bo.vine.pancreas. (A) Modeled
composed of two antiparallet-helices formed by amino acid fsct)L“rCtrL]'qrg dg{eﬁts;éﬁ}%gvltho%i c(elcltaggwg:;c)srééfn?:gigr%tg)cigg;’he
residues Gly54Asp63 and GIn76Asn88. This structure  cygsg5 Cys78, and Cys46Cys102). (B) Modeled structure of
is stabilized by two disulfide bonds (Cys5€ys85 and  AtsPLAx-a (blue) superimposed with the corresponding regions
Cys65-Cys78). The second most important structure element of the crystal structures of bvPL.Agreen) and bpPLA(orange).
is the highly conserved calcium-binding loop, which is
attached to the-helix with the catalytic His62 residue and very well conserved in the regions that are essential for
the C&*-coordinating Asp63 residue by the disulfide bond function. The superimposed structures of the calcium-binding
between Cys39 and Cys59 (Figure 3A). A fourth disulfide loops and the two antiparallel-helices are nearly identical.
bond, which is present in neither bp- nor bvPi_&an be The connecting structure elements, however, show a great
predicted to exist between Cys46 and Cys102. The other twodegree of variability. The shortest one is found in AtsBLA
potential disulfide bonds could not be assigned because threex, whereas the two enzymes from animal sources are
of the cysteines are part of the unmodeled N-terminal region. characterized by large loops and extengesheets.

Besides these structural elements, the structure is character- Probing the Role of Acte Site Residues in the Catalysis
ized by loop structures and two sh@sheets between the by AtsPLA-a. In literature, two alternative catalytic mech-
o-helices, mainly formed by Lys69, Asn70, Tyr73, and anisms are discussed for sPiSAThe mechanisms differ by
Leu74. the mode of activation of the water molecule that adopts the

Figure 3B shows that despite large deviations on the role of the serine in serine proteases as the attacking

primary structure level the tertiary structure of sREAs nucleophile. In the mechanism according to Verheijj et al.
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(30), developed for pancreatic sPL#\ the water molecule A
is activated by formation of a hydrogen bondfd of His48

which itself is hydrogen bonded to Asp99 wis. Both amino

acids form the catalytic dyad. In the Ca-coordinated oxyanion
mechanism31), the catalytic water molecule is coordinated

to the calcium ion, and a second water molecule interacts
with His48 viadN. In both cases, the calcium ion polarizes
thesn2 ester carbonyl group of the substrate. The alcoholate
formed during decomposition of the tetrahedral intermediate

is protonated by)N of His48.

Modest changes in activity following significant changes
in key catalytic residues and in the architecture of the active
site, as reported for the D99N mutant of bpRL{@?2), the
corresponding D64N mutant of bvPLA33), and a H48Q
mutant of human sPLA(34), have shown that there might
be a considerable degree of plasticity in the active site. On
the other hand, subtle differences in the active site geometry
resulted in a less favorable hydrogen bonding network
making flow of electrons and transfer of protons more
difficult, resulting in less efficient catalysi%, 36).

Alignment studies as well as the homology model of
AtsPLA.-a (Figure 3A) reveal that some of the residues that
are highly conserved in animal sPk#\are not present in
the plant enzymes. Especially, the Asp residue of the His-
Asp dyad, which is one of the key elements of the catalytic
machinery of sPLAs, does not occur in the plant enzymes.
To probe the role of different amino acids in the active site,
four variants have been created, and the mutant enzymes
have been expressedn coli. As shown by SDSPAGE,
expression levels and yields of refolded enzyme of all
variants were similar to those of the wild-type (results not
shown).

Role of His62The importance of the absolutely conserved
catalytic histidine residue [His62 in AtsPLAx (Figures 3A
and 4A), His34 in bvPLA (Figure 4C), and His48 in bp-
and ppPLA] was proven for AtsPLA-a by construction of
the enzyme variant H62Q which had a residual activity of
0.0056% with DOPC as the substrate. This result was also
confirmed by inactivation of the enzyme Ilpybromophen-
acylbromide, and it is consistent with studies on bp- and
ppPLA: where His48 was replaced with GIn without the loss
of conformational stability, but with a drastic loss of activity
(residual activity of 0.00014 and 0.0016% for bp- and
PPPLA, respectively) 5, 36). . Ficure 4: Details of the modeled active sites of AtsPL&A (A)

Role of Asp63The role of the highly conserved Asp63  and AtsPLA-y (B) in comparison to the active site crystal structure
of AtsPLA:-a (Figures 3A and 4A), which is like Asp35 of  of bvPLA; (C).
bvPLA, (Figure 4C) and Asp49 of bp- and ppPL#wvolved
in the coordination of the calcium ion and should therefore in catalysis, the influence of PMSF, a potent inhibitor of
play an important role in catalysis, was probed by substituting serine proteases3§), on activity was determined. As the
Asp63 with Asn. As shown previously, the analogous D49N reaction with PMSF caused a significant activity loss
mutant of bpPLA retained its conformational stability but  (residual activity of 31.3%) compared to its reaction with
completely lost its calcium binding capability, and accord- ppPLA: (residual activity of 94.8%), Ser79 of AtsPhLAx
ingly, the activity was significantly decreased (residual was replaced with Ala or Asp. While the exchange of Ser79
activity of 0.18%) B87). Similarly, the D63N mutant of  with Ala probes the influence of the hydroxyl group on
AtsPLA-a. possessed a residual activity of 0.013% toward catalysis with similar spatial requirements, Asp represents
DOPC, showing the importance of this residue in catalysis the amino acid occurring in animal sPksAat this position.
for the plant enzyme, too. Both mutations resulted in a considerable activity loss

Role of Ser79The three-dimensional model of AtsP-& (residual activity of 0.51 and 0.1% for S79A and S79D,
shows that the position of the aspartate residue (Asp64 ofrespectively). Therefore, the Ser residue seems to be essential
bvPLA; in Figure 4C and Asp99 in bpPL\of the catalytic ~in this position for AtsPLA-q.
dyad of animal sPL#s is occupied by a serine residue (Ser79  As the alignment with other known plant sPEA(Figure
in Figures 3A and 4A). To test whether Ser79 plays a role 1) shows, this serine residue is conserved in the enzymes
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