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ABSTRACT: Phospholipase B1 (PLB1), secreted by the pathogenic yeastCryptococcus neoformans, has
an established role in virulence. Although the mechanism of its phospholipase B, lysophospholipase, and
lysophospholipase transacylase activities is unknown, it possesses lipase, subtilisin protease aspartate,
and phospholipase motifs containing putative catalytic residues S146, D392, and R108, respectively,
conserved in fungal PLBs and essential for human cytosolic phospholipase A2 (cPLA2) catalysis. To
determine the role of these residues in PLB1 catalysis, each was substituted with alanine, and the mutant
cDNAs were expressed inSaccharomyces cereVisiae. The mutant PLB1s were deficient in all three
enzymatic activities. As the active site structure of PLB1 is unknown, a homology model was developed,
based on the X-ray structure of the cPLA2 catalytic domain. This shows that the two proteins share a
closely related fold, with the three catalytic residues located in identical positions as part of a single
active site, with S146 and D392 forming a catalytic dyad. The model suggests that PLB1 lacks the “lid”
region which occludes the cPLA2 active site and provides a mechanism of interfacial activation. In silico
substrate docking studies with cPLA2 reveal the binding mode of the lipid headgroup, confirming the
catalytic dyad mechanism for the cleavage of thesn-2 ester bond within one of two separate binding
tracts for the lipid acyl chains. Residues specific for binding arachidonic and palmitic acids, preferred
substrates for cPLA2 and PLB1, respectively, are identified. These results provide an explanation for
differences in substrate specificity between lipases sharing the cPLA2 catalytic domain fold and for the
differential effect of inhibitors on PLB1 enzymatic activities.

Cryptococcal phospholipase B1 (PLB1)1 is a multifunc-
tional enzyme containing phospholipase B (PLB), lysophos-
pholipase (LPL), and lysophospholipase transacylase (LPTA)
activities (1). Although it is secreted, it also associates with
membranes and the cell wall, presumably via a glyco-
sylphosphatidylinositol (GPI) anchor (2). PLB activity
catalyzes the simultaneous deacylation of glycerophospho-
lipids at bothsn-1 and sn-2 positions, LPL activity, the
removal of a single acyl chain from a lysophospholipid, and
LPTA activity, the transfer of an acyl chain from one
lysophospholipid to another, forming a diacylphospholipid.
Using animal and cell culture models of cryptococcosis,

PLB1 has been shown to facilitate cryptococcal adherence
to lung epithelium, establishment of interstitial lung infection,
survival and replication of cryptococci within macrophages,
and cryptococcal dissemination from the lung via lymphatics
and blood (3-5).

Despite the importance of PLB1 in fungal virulence, no
structural information is available, and nothing is known of
the amino acid residues involved in the mechanism of PLB1
catalysis. However, PLB1 contains similar catalytic motifs
to the mammalian cytosolic phospholipase A2 enzyme
cPLA2R (PLA2G4A), namely, lipase (GXSXG), subtilisin
protease aspartate (IXVVDSGLXXXN), and putative phos-
pholipase (SGGGXRAM) motifs. The underlined S228,
D549, and R200 residues have a role in cPLA2 catalysis (6,
7) and are conserved in cPLA2 from six mammalian species
(7) and in all fungal PLB enzymes (exceptSchizosaccha-
romyces pombe) (4, 8-16). The cPLA2 residues are analo-
gous to S146, D392, and R108 in cryptococcal PLB1. In
cPLA2, S228 is thought to function as a nucleophile in the
catalytic center, allowing formation of an enzyme-acyl
intermediate (6, 17), while D549 acts as a general base,
activating S228 (18). R200 is not directly involved in
catalysis but may stabilize the substrate phospholipid head-
group (18).
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cPLA2 has a preference for arachidonic acid in thesn-2
position and only removes this chain (18), whereas PLB1
prefers either palmitoyl or oleoyl fatty acid chains in both
thesn-1 andsn-2 positions and can remove both chains via
the PLB activity (1). Previous studies have demonstrated that
several agents [a PLB1 peptide antibody, carnitine, palmi-
toylcarnitine,N-ethylmaleimide, 5,5′-dithiobis(2-nitrobenzoic
acid), dioctadecyldimethylammonium bromide, 1,12-bis-
(tributylphosphonium)docecane dibromide, Triton X-100, and
alexidine dihydrochloride] differentially inhibit either the
LPL/LPTA or the PLB activities of secreted cryptococcal
PLB1 (1, 3, 19, 20), suggesting that PLB1 contains two active
sites.

In this study, site-directed mutagenesis was used to
investigate the roles of S146, D392, and R108 in catalysis
of cell-associated and secreted PLB1. In the absence of PLB1
structural data, we constructed a homology model of PLB1
using the X-ray structure of the human cPLA2 catalytic
domain as a template. The stability of this model in molecular
dynamics (MD) simulations suggests that PLB1 shares the
same core fold and positioning of the catalytic residues within
the active site groove as the cPLA2 catalytic domain. The
model also suggests an alternative role for the “lid” region
of the cap domain to that involving interfacial activation at
the membrane. In silico substrate-docking studies with cPLA2

were also performed to identify regions and specific residues
involved in fatty acyl chain binding, in order to explain
differences in substrate specificity between lipases sharing
the cPLA2 catalytic domain fold, as well as the differential
effect of inhibitors on the various enzymatic activities of
PLB1.

EXPERIMENTAL PROCEDURES

Reagents. The Gene-tailor site-directed mutagenesis kit,
platinum Taq DNA polymerase, and the anti-express anti-
body were obtained from Invitrogen (Mulgrave, VIC,
Australia). ECL reagents, X-ray film, 1,2-di[1-14C]palmitoyl-
phosphatidylcholine, and 1-[1-14C]palmitoyllysophosphati-
dylcholine were from Amersham Biosciences (Castle Hill,
Australia). Carrier lipids dipalmitoylphosphatidylcholine and
1-palmitoyllysophosphatidylcholine, andTrichoderma har-
zianum(L1412)â-glucanase, were from Sigma (Castle Hill,
Australia).

Strains and Plasmids. Saccharomyces cereVisiae strain
JK93DR CnPLB1 expressing PLB1 cDNA fromCryptococ-
cus neoformansregulated by a galactose-inducible promoter
from pYES2 and the expression vector pYES2:CnPLB1 were
used as described (2). Strains were grown in uracil-deficient
(URA-) medium (21).

Preparation of PLB1 Mutants and Lysates. PLB1 mutants
were prepared by site-directed mutagenesis using pYES2:
CnPLB1 as template as described (21). Mutagenic primers
for the putative active site residues were as follows: primer
1, for R108A (5′-TTG TCC GGC GGT GGT TAC GCT
GCA ATG CTT A-3′); primer 2, for S146A (5′-TAA GCT
ACT GGG CTG GTC TGG CCG GTG GGA GTT-3′);
primer 3, for D392A (5′-TCA CTT ACA TCA CCC TCG
TCG CTG CCG GAG AAA-3′). The underlined residues
indicate the mutations, which were confirmed by DNA
sequencing. Mutant cDNAs were used to transformS.
cereVisiaestrain JK93DR. The altered PLB1 enzymes were

designated PLB1(R108A), PLB1(S146A), and PLB1(D392A).
S. cereVisiae lysates expressing wild-type and mutant PLB1
were prepared as described (21).

Subcellular Fractionation. This was performed as de-
scribed (21). Briefly, wild-type and mutant PLB1 were
induced inS. cereVisiaeby incubation in medium containing
galactose for 23 h. Cells were harvested by centrifugation,
resuspended in secretion buffer containing 10 mM imidazole,
2 mM CaCl2, 2 mM MgCl2, and 56 mM galactose, made up
in isotonic saline, pH 5.5, and allowed to secrete for 16 h at
30 °C. The cell-free supernatants (secretions) were collected
by centrifugation. The cell pellets were homogenized and
centrifuged to yield the 14K cytosol/membrane (CM) frac-
tions (supernatants) and the 14K insoluble fractions (pellets).
The 14K insoluble fractions were digested withâ-1,3-
glucanase (T. harziarum; 19 mg/mL in IAB buffer, pH 5.5)
for 2 h at 37 °C to release cell wall-associated proteins
(termed the “cell wall” fraction).

Western Blotting. Proteins in cell lysates were separated
on 4-12% Bis-Tris gradient gels (Novex, Invitrogen) and
subjected to Western blotting with the anti-PLB1 peptide
antibody or the anti-Pma1p antibody as described (2, 21).
The secondary antibody was donkey anti-goat conjugated
to HRP (Santa Cruz Biotechnology).

PLB1 Enzyme Assays and Protein Estimations. PLB1
enzyme assays were conducted as described in ref1 under
optimized conditions (21). Total protein content in all
fractions was determined using the BCA protein assay kit
and the Compat-Able protein assay preparation reagent set
(Pierce Biotechnology), with BSA as standards. Statistics
were calculated using GraphPad Instat version 3. The test
used and theP values obtained are indicated in the table
and figure legends.P values<0.05 were considered signifi-
cant.

Homology Modeling and MD Simulations. Alignments
were generated using CLUSTAL W (22). Homology models
were generated using MODELLER 8v1 (23). The PHD
algorithm was used for secondary structure and solvent
accessibility prediction (24). Molecular dynamics simulations
were performed using NAMD2.5 (25) and the CHARMM27
force field for protein and ligands (26), along with the TIP3P
model for water (27). The SHAKE algorithm was used to
constrain the bonds containing hydrogens to their equilibrium
length (28). A cutoff of 11 Å (switching function starting at
9.5 Å) for van der Waals interactions and real space
electrostatic interactions was assumed. Periodic boundary
conditions were used, and distances between periodic images
of the protein were 20 Å. The particle-mesh Ewald method
(29) was used to compute long-range electrostatic forces.
The density of grid points for particle-mesh Ewald was
approximately 1/Å3. An integration time step of 1.5 fs was
used, permitting a multiple time-stepping algorithm (30) to
be employed in which interactions involving covalent bonds
and short-range nonbonded interactions were computed every
time step, and long-range electrostatic forces were computed
every two time steps. Langevin dynamics was utilized to
keep a constant temperature of 310 K in all simulations.
Constant pressure simulations at 1 atm were conducted using
the hybrid Nose’-Hoover Langevin piston method with a
decay period of 100 fs and a damping time scale of 50 fs.

The protein was placed in a box of equilibrated water
molecules, and sodium ions were added randomly to the
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system to maintain electrical neutrality. The solvated starting
structure was minimized using conjugate gradient minimiza-
tion to a 0.5 kcal/(mol·Å) root mean square (rms) gradient
with all protein heavy atoms fixed. Water molecules,
counterions, and protein hydrogens were then further mini-
mized during a 24 ps molecular dynamics run at 358 K, in
which all protein heavy atoms were again fixed. This starting
model was then minimized to a 0.5 kcal/(mol·Å) rms gradient
with harmonic positional constraints using a 100 kcal/(mol·
Å2) force constant on the CR atoms of the secondary
structural elements (â-strands andR-helices), indicated in
Figure 1. The constraints were gradually removed by
subsequent minimizations to a 0.1 kcal/(mol·Å) rms gradient,
scaling the initial force constants by factors of 0.5, 0.15, 0.05,
and 0. The minimized structure was then heated from 60 to
310 K in steps of 25 K using velocity reassignment during

an 18 ps MD run. The equilibrated system was then simulated
without restraints for 2 ns.

Ligand Docking. Ligand docking was performed using
DOCK version 6 available at http://dock.compbio.ucsf.edu/.
Protein and ligands were prepared for docking using Chimera
(31) available at http://www.cgl.ucsf.edu/chimera/. All struc-
tural diagrams were prepared using VMD (32).

RESULTS

R108, S146, and D392 Are InVolVed in PLB1 Catalysis.
Site-directed mutagenesis was used to generate theC.
neoformansPLB1 substitutions R108A, S146A, and D392A
(Figure 1). Each mutant cDNA was expressed inS. cereVisiae
by growth in uracil-deficient/galactose-containing medium
(URA- gal). S. cereVisiae was shown previously to be a

FIGURE 1: Manually adjusted CLUSTAL W alignment of PLB1 and the cPLA2 catalytic domain used in the homology modeling of PLB1.
Amino acid sequence homology between the two proteins is indicated by the gray-filled boxes (17% identity). Secondary structural elements
in cPLA2 are indicated by rectangles labeled according to ref34 and colored yellow for core domain residues and cyan for cap domain
residues. PLB1 residues mutated in this study are indicated by black asterisks. Residues which contact the arachidonoyl chain (and the
palmitoyl chain) in the docking study are indicated with red and blue asterisks, respectively. A loop region between cPLA2 residues 673
and 678 which may also be involved in substrate binding is indicated by an unfilled box. Arrows indicate the start of discontinuities in the
cPLA2 sequence between N432 to N460 and L498 to D539.
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suitable system for expressing cryptococcal PLB1, as the
activity of recombinant PLB1 is similar to that of native
PLB1 secreted fromC. neoformansand significantly higher
than that of endogenous PLB enzyme activity fromS.
cereVisiae (2, 21).

Separate lysates were prepared from three colonies of each
S. cereVisiaetransformant and subjected to Western blotting
with an anti-PLB1 peptide antibody (Figure 2A) and, as a
control, an antibody against the endogenous membrane
protein, Pma1p (Figure 2B). The intensity of the Pma1p band
is similar in all lysates, indicative of equal protein loading
across all samples. A 110 kDa band, present in the wild type
but absent in the vector control and corresponding to fully
glycosylated PLB1, was detected when gene expression was
switched on by growth in URA- gal (2, 21; Figure 2A). The
band was absent when gene expression was switched off by
growth in URA- glu (not shown). A band of similar size
and intensity was observed for the three mutant PLB1s,
indicating that all mutant PLB1 cDNAs were expressed at
similar levels to wild type.

The effect of each mutation on cell-associated and secreted
enzyme activities was assessed by radiometric assay
(Table 1). Culture supernatants (secretions), cytosol/mem-
brane (CM), andâ-glucanase-treated insoluble (cell wall)
fractions were prepared. Each mutation reduced LPL, LPTA,
and PLB enzyme activities in all fractions to levels similar
to or below the vector control (Table 1). In a control reaction
performed previously using a primer without an introduced
mutation (21), all activities were similar to wild type.

Homology Modeling of Cryptococcal PLB1. A BLAST
search of the Brookhaven Protein Data Bank for PLB1
homologues revealed that PLB1 shares significant homology
(17% identity) with human cPLA2R (PLA2G4A), for which
a 2.5 Å resolution atomic structure exists (PDB code 1CJY;
33). Since PLB1 and cPLA2 share the catalytic sequence
motifs discussed above, we further investigated the homology
between these proteins (Figure 1) to determine if the cPLA2

structure could provide a suitable template for a homology

model of PLB1. Accurate predictions can be made with an
amino acid sequence similarity greater than 50% between
the target and the template protein, but even with very low
homologies there may be considerable structural similarities,
such as for the G-protein-coupled receptors and bacterior-
hodopsin, where the sequence similarities within the trans-
membrane regions are only 6-11% (34). The conservation
of the secondary structure elements is also relevant, since
active sites and functional domains can have very similar
geometries, even for distantly related proteins.

cPLA2 is activated by intracellular calcium and preferen-
tially cleaves substrates presented at a membrane interface,
a phenomenon known as interfacial activation. cPLA2 is
comprised of two domains: an N-terminal C2 calcium
binding domain (not represented) and a C-terminal catalytic
domain (depicted in Figure 1). The catalytic domain is a
unique fold related to, but distinct from, that of other lipases
of the R/â hydrolase family. Its central core consists of a
10-stranded central mixedâ-sheet surrounded by 9R-helices
(yellow rectangles). The cPLA2 fold diverges from the
canonicalR/â hydrolase fold most significantly in containing
a cap domain (cyan rectangles), part of which is thought to
mediate interfacial activation by uncovering the active site
when the protein engages the membrane. Among cPLA2

isoforms, homology is concentrated in theR/â core while

FIGURE 2: Detection of galactose-induced PLB1 expression. Lysates
from three colonies of eachS. cereVisiae transformant (indicated
by 1, 2, and 3) that had been cultured in URA- gal medium to
induce PLB1 expression were subjected to Western blotting with
either the anti-PLB1 peptide antibody (panel A) or the anti-Pma1p
antibody (panel B). The arrows indicate the positions of glycosylated
PLB1 and Pma1p. ‘EV’ is the vector control.

Table 1: Comparison of Secreted and Cell-Associated PLB1
Activitiesa

activitysample
source LPL LPTA PLB

total
protein

per
fraction

(mg)

Secreted
vector only 1.21 (0.28) 1.01 (0.13) 0.09 (0.09) 0.16
WT 8.23b (0.73) 6.57b (0.60) 6.06b (0.25) 0.17
R108A 0.53 (0.05) 0.45 (0.03) 0.29 (0.14) 0.16
S146A 0.62 (0.10) 0.55 (0.06) 0.14 (0.14) 0.15
D392A 0.41 (0.05) 0.39 (0.05) 0.02 (0.02) 0.15

CM
vector only 0.73 (0.05) 0.28 (0.05) 0.72 (0.11) 1.31
WT 3.91b (0.40) 2.77b (0.30) 4.65b (0.12) 1.27
R108A 0.54 (0.10) 0.22 (0.05) 0.66 (0.06) 1.34
S146A 0.75 (0.08) 0.31 (0.04) 1.08 (0.06) 1.49
D392A 0.83 (0.18) 0.40 (0.11) 0.92 (0.06) 1.27

Cell Wall
vector only 1.54 (0.38) 0.80 (0.30) 6.62 (2.28) 0.13
WT 24.57b (0.63) 16.16b (0.91) 91.31b (12.85) 0.10
R108A 0.98 (0.44) 0.37 (0.30) 5.63 (1.03) 0.12
S146A 1.67 (0.89) 0.79 (0.73) 4.87 (0.75) 0.12
D392A 1.19 (0.56) 0.60 (0.34) 5.38 (0.87) 0.10

a S. cereVisiaetransformants (cells and supernatants) were processed
as described in Experimental Procedures to obtain the indicated fractions
(CM is the cytosol/membrane fraction) and were assayed radiometrically
for PLB1 activity also as described in Experimental Procedures. Data
represent the mean and standard error wheren g 3. Results are
expressed as activity [µmol of lysoPC degraded or DPPC formed min-1

(mg of total protein)-1 for LPL and LPTA, respectively, and nmol of
DPPC degraded min-1 (mg of total protein)-1 for PLB activity].
b Indicates that the increase in specific activity for the wild type is
statistically significant compared with vector-only control and the
mutants (P < 0.001). Differences between vector-only control and
mutants were not statistically significant (P > 0.05). Statistical
significance was determined using the Tukey-Kramer multiple com-
parisons test. The total protein (in milligrams) in the indicated fractions
of each transformant is shown in the last column.
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the central part of the cap domain is distinct (33), suggesting
that the cap may play a role in the substrate specificity of
the protein.

The automated sequence search indicated that homology
between PLB1 and the cPLA2 catalytic domain existed only
for the first half of PLB1, up to the C-terminal ofR-helix fb
(Figure 1) of the cPLA2 cap domain (cyan region,
Figure 1). This region of homology includes 7 of the 10 core
â-strands of the cPLA2 fold and their interveningR-helices,
as well as the N-terminal twoâ-strands (â9a andâ9b) and
two R-helices (fa and fb) of the cap domain. Further manual
alignment using the subtilisin protease aspartate motif as a
reference point revealed significant homology in the C-
terminal half of PLB1, completing homology for the remain-
ing threeâ-strands of the cPLA2 core and revealing good
overall homology for the entire coreâ-sheet. In this
alignment there is 21% identity and 50% similarity between
the two sequences when measured as a percentage of the
cPLA2R sequence used for model building. In comparison,
the sequence identity between the human serotonin trans-
porter (SERT) and the crystal structure of the bacterial
homologue fromAquifex aeolicus(LeuTAa) is about 20%,
and several SERT models have been made using the LeuTAa

as a template (35, 36). Thus we conclude there is good
overall homology for the entire coreâ-sheet. This suggests
that PLB1 and cPLA2 are likely to share the same basic fold
and that cPLA2 is thus a suitable template for homology
modeling of PLB1.

A homology model was generated using the software
MODELLER. To further refine and test the model, we
performed 2 ns unrestrained MD simulations of the protein
in a water box. This helped to reveal incorrectly threaded

sequences which were identified by their instability. As an
aid to sequence threading, we also used the PHD neural
network secondary structure and solvent accessibility predic-
tion algorithm. In addition, N-linked glycosylation site
occupancy was assigned only to solvent-exposed loops. It
is predicted both from the N-linked glycosylation consensus
sequences and from the high percentage of the PLB1
molecular weight (greater than 30%) that is attributable to
N-linked glycosylation (1) that all 17 sites are occupied with
sugar. Occupancy of two of these sites was confirmed by
mass spectrometry (21; unpublished observation). They are
N56 and N550 which are located at the N-terminus and just
beforeRI, respectively. Sequence alignments were used to
ensure that, where appropriate, the amphipathicity of helical
regions was conserved across all known PLB isoforms. By
an iterative process of sequence rethreading, model building,
and MD simulations, we determined that the most stable
model could be built if we presumed that PLB1 lacked the
central, most divergent part of the cap domain which spans
R-helix fb to R-helix fd in cPLA2. In the cPLA2 crystal
structure, most of this region is disordered with the middle
section forming a lid over the active site. This exercise also
revealed that PLB1 diverges significantly C-terminal toRI,
with an approximately 50-residue insertion betweenRI and
RJ. The secondary structure predictions suggest that this
region may form threeâ-strands, and this assignment is
consistent with the location of two N-linked glycosylation
sites, which occur on predicted turns between theâ-strands.

Figure 3 illustrates the rms deviation ofR-carbon residues
from their starting positions after 2 ns MD simulations of
cPLA2 and the PLB1 homology model. For both structures,
we observe that the centralâ-sheet and theR-helices which

FIGURE 3: Stability of the PLB1 homology model. Stereo pairs of the structure of (A) the PLB1 homology model after 2 ns of unrestrained
MD simulation and (B) the cPLA2 catalytic domain. The protein is shown in cartoon form withâ-strands depicted as arrows andR-helices
as coiled ribbons, color-coded according to the rms deviation from the starting structure. The color scale for cPLA2 is 0-3 Å and for PLB1
0-6 Å. The active site is approximately at the center of the figure, with (from bottom left) residues (PLB1/cPLA2) R108/200, S146/228,
and D392/549 shown in ball and stick form and colored purple.
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pack against it at the protein core are most stable. Loop
regions and helices associated with the cap domain are more
mobile in PLB1 (Figure 3B, upper right area). These data
suggest that PLB1 and cPLA2 are likely to share the same
basic fold and that cPLA2 is thus a suitable template for
homology modeling of PLB1.

Schematic representations of the active site binding
grooves of cPLA2 and PLB1, as revealed by homology
modeling, are shown in Figure 4. The homology modeling
supports the idea that PLB1 is structurally and functionally
closely related to the catalytic domain of human cPLA2,
sharing its core fold and varying predominantly in loop
regions involved in substrate recognition and binding
(Figure 1). The S146 and D392 residues are also in close
enough proximity to function as a catalytic dyad. Thus, it
would be expected that the two proteins share identical
catalytic and interfacial activation mechanisms.

Ligand Binding to cPLA2. Despite sharing the same
catalytic site residues and hydrophobic active site groove,
cPLA2 removes only a single acyl chain at thesn-2 position,

preferably arachidonic acid (but palmitic and oleic acids are
also used), while PLB1 removes acyl chains from both the
sn-1 and thesn-2 positions (preferably oleic and palmitic
acids). In order to determine the likely binding mode of
ligand to cPLA2 and thus identify residues involved in the
protein’s substrate specificity, we used the program DOCK
to model the interaction with lipid substrate.

Assessing the Binding of the Lipid Headgroup. An initial
attempt to dock the lipid, 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphatidylethanolamine, a lipid that was readily available
for modeling, placed the phosphate group in contact with
the active site arginine. However, while placing thesn-1 and
sn-2 ester bonds proximal to the catalytic dyad, both bonds
were hindered sterically from a catalytically productive
interaction. It was thus decided to try to dock a lipid with
4-carbon acyl chains at thesn-1 and sn-2 positions, to
increase the conformational sampling of the docking pro-
gram. The top 100 conformers output by DOCK were
examined to find those in which thesn-2 ester bond was
suitably positioned for a nucleophilic attack by the active
site serine. Only one conformer fulfilling this criterion was
found. To refine the interaction of this conformer with the
protein, we subjected the ligand-protein complex to a
0.5 ns MD simulation. The final structure after 500 steps of
conjugate gradient minimization is shown in Figure 5, in
which panel A illustrates the interaction of the lipid with
the catalytic dyad and the putative oxyanion hole, which is
formed by the backbone amide nitrogen atoms of G197 and
G198. This structure shows clearly how the geometry and
electrostatic complementarity of the modeled interaction are
in complete concordance with the catalytic mechanism
proposed by Dessen et al. (33).

Panel B of Figure 5 shows the interaction of the phosphate
group with the conserved active site arginine and illustrates
a possible role of a conserved asparagine (N555 in cPLA2,
N344 in PLB1) in binding thesn-1 ester oxygen. The
equivalent asparagine is conserved in all three human cPLA2

isoforms and, based on our alignment (Figure 1), in 52 of
the 60 closest sequenced homologues of PLB1 as revealed
by a BLAST search (data not shown). cPLA2 S577, which
binds the nitrogen of the lipid headgroup in the modeled
interaction (Figure 5B), is found in two of the three human
cPLA2 isoforms; however, the equivalent residue is a serine
(49 cases) or threonine (5 cases) in 54 of 60 PLB1
homologues. Since the interaction of the serine with the lipid
headgroup nitrogen observed in the model would be formed
more easily with the ethanolamine moiety than with the
choline moiety, this suggests that the PLB1 isoforms may
have a preference for phosphatidylethanolamines. The residue
equivalent to T680, which binds to the conserved active site
arginine side chain in the cPLA2 structure, is not conserved
either in human cPLA2s or in PLB1 isoforms, suggesting
that this interaction is not critical to the enzyme’s function.
The variability at this point is consistent with our modeling
of the interaction of the protein with the lipid acyl chains,
which indicates that this residue contacts thesn-2 acyl chain
(see below).

Assessing the Binding of the Lipid Acyl Chains. To
investigate possible binding modes of the lipid acyl chains,
we independently docked palmitic acid and arachidonic acid
to the cPLA2 crystal structure. In each case, the first 100
conformers produced by the program were examined. Only

FIGURE 4: View of the active site clefts of homology-modeled
PLB1 (panel A) and cPLA2 (panel B) showing conserved residues.
Labeled residues are shown in stick form and colored yellow
(carbon), blue (nitrogen), and red (oxygen). Other residues are
depicted as a surface representation using a probe radius of 1.4 Å.
Hydrogen bonds are depicted as green lines. Panel A: PLB1 active
site. Residues 421 and 422 have been removed to reveal the
backbone carbonyl oxygen of S420 and the side chain of R108.
Panel B: cPLA2 active site. Cap domain residues 415-424 for
cPLA2, which partially occlude the active site in the X-ray structure
(PDB code 1CYJ), have been removed for clarity. Residues 577
and 578 have been removed to reveal the backbone carbonyl oxygen
of F576. The backbone nitrogen atoms of G105/G197 (labeled)
and G106/G198 form a putative oxyanion hole, with S146/S228
and D392/D549 forming the catalytic dyad. R108/R200 is thought
to bind the phosphate moiety of the lipid headgroup and may also
stabilize the geometry of the oxyanion hole.
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conformers in which the acyl chain did not sterically overlap
the region occupied by the phosphatidylethanolamine moiety
(see above), and in which one carboxyl oxygen coincided
to within 0.5 Å with the appropriate ester oxygen of the
docked 1,2-dibutyl-sn-glycero-3-phosphatidylethanolamine,
were examined. For arachidonic acid, it was observed that
the lower tract around the rim of the active site (Figure 6,
red region) was the only region that was populated multiple
times. This same tract also formed the binding site of the
palmitoyl chain in the initial docking attempt using 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine (see
above). In this docking mode, the tail of the acyl chain curls
around a cradle formed by a loop between helices H and I

that is highly variable in sequence and length among both
cPLA2 isoforms and PLB1 (unfilled boxed region in
Figure 1). Binding of the palmitoyl acyl chain was less
variable and predominantly occurred in the mode illustrated
in Figure 6 (upper tract; blue region), with variations in the
configuration of the last four to six carbons of the tail. Thus
our data identify different binding sites, specifically for
palmitic acid and arachidonic acid substrates, and suggest
that these regions may be at least partially involved in
determining the substrate specificity of the protein.

DISCUSSION

PLB1 Has a Single ActiVe Site That Utilizes a Serine-
Aspartate Catalytic Dyad. Both the site-directed mutagenesis
study and the homology modeling confirm the presence of
a single PLB1 active site that catalyzes all three enzyme
activities. This active site is composed of S146, D392, and
R108, which are analogous to S228, D549, and R200 in
cPLA2 (6, 7). The identical positioning of the three, shared
catalytic residues within a similar hydrophobic binding funnel
suggests the presence of a common catalytic mechanism with
S146/228 and D392/549 situated in close enough proximity
to function as a catalytic dyad and R108/R200 being
sufficiently distanced to act as a stabilizer for the phospho-
lipid headgroup. This idea is further supported by the lipid
docking study, which confirms that the geometry and
electrostatic complementarity of the modeled ligand-protein
complex are consistent with these ideas. The hypervariability
in the sequence comprising the lower binding tract, which
accommodates thesn-2 acyl chain, may also explain the
difference in acyl chain specificity between cPLA2 and PLB1.

PLB1 Has Separate Binding Sites for the Lipid Acyl
Chains. The finding from the docking study that each lipase

FIGURE 5: Binding of the lipid headgroup to the cPLA2 active site.
1,2-Dibutyl-sn-glycero-3-phosphatidylethanolamine is shown in ball
and stick form and protein atoms in stick form with oxygen colored
red, carbon white, nitrogen blue, and phosphorus gold. Residues
are as indicated. The figure comes from an energy-minimized
structure of the enzyme-ligand complex after 0.5 ns of unrestrained
MD simulation. Hydrogen bonds are shown as dotted lines, green
in panel A and yellow in panel B. Panel A depicts ground state
interaction of the region of thesn-2 ester bond with the catalytic
dyad and oxyanion hole. In the mechanism proposed by Dessen et
al. (34), D549 activates S228 by abstracting a proton during its
nucleophilic attack at thesn-2 ester. An oxyanion hole formed by
the backbone amide groups of G197 and G198 polarizes thesn-2
ester and stabilizes the transition state of the developing tetrahedral
intermediate. The serine-acyl intermediate is generated upon
collapse of the tetrahedral intermediate with transfer of a proton
from D549 to the leaving lysophospholipid. Panel B depicts binding
of the phosphatidylethanolamine moiety and thesn-1 ester oxygen
to the cPLA2 active site. Interaction of the phosphate group with
the conserved active site arginine (R200) is indicated by hydrogen
bonding, and a possible role of a conserved asparagine (N555) is
indicated by the arrow. Residues are as indicated.

FIGURE 6: Binding of lipid fatty acyl chains to the cPLA2 active
site. Surface depiction of cPLA2 using a 1.6 Å radius probe. A
composite of 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphati-
dylethanolamine is depicted in ball and stick form with carbon
colored yellow, hydrogen green, oxygen red, nitrogen blue, and
phosphorus gold. Residues which form the binding tracts for the
arachidonoyl (sn-2) and palmitoyl (sn-1) chains are colored red and
blue, respectively. The orientation of the molecule is the same as
that depicted in Figure 4B with the region shown in Figure 4B
delineated by a box (green). The locations of active site residues
R200 and S228 are also indicated to aid orientation.
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appears to have one substrate binding site composed of two
separate binding tracts for thesn-1 andsn-2 acyl chains of
the ligand provides an explanation for our previous studies
demonstrating differential inhibition of either the LPL/LPTA
or the PLB activities of secreted cryptococcal PLB1 by
various acyl chain-containing agents (1, 3, 19, 20). The
differential effects of inhibitors on enzyme activity may be
due to their preference for interaction with one or the other
of the acyl chain binding tracts. An inhibitor that affects PLB
but not LPL activity may sit only within the upper binding
track where it would not sterically hinder the binding of a
lysophospholipid, as the single acyl chain could still be
accommodated within the lower binding tract, where catalytic
cleavage occurs. Alternatively, it is also possible that the
initial point of substrate contact with the enzyme may not
be confined to the enzyme active site and may be different
for phospholipids and lysophospholipids. The latter would
explain why some inhibitors are specific for LPL and not
PLB activity.

PLB1 Lacks the cPLA2 ActiVe Site Lid. The results of the
homology modeling suggest that, while having regions
corresponding to most of the cPLA2 cap domain, PLB1 lacks
the central lid that occludes the active site in the cPLA2

structure. It has been suggested that the lid may be involved
in interfacial activation. However, since PLB1 also displays
interfacial activation but lacks the lid, our data argue against
this interpretation. Since the lid region is hypervariable in
sequence among cPLA2 isoforms, and between cPLA2 and
PLB1 as demonstrated in this work, it may be involved in
substrate specificity. Thus, an alternative explanation is that
the lid recognizes the appropriate lipid membrane substrate
and is thereby removed, allowing access to the active site.
Alternatively, the action of the lid may be controlled by other
proteins or possibly the C2 calcium binding domain.

In summary, we have shown that PLB1 contains a single
active site for the catalysis of both phospholipids and
lysophospholipids. Homology modeling suggests that PLB1
shares the same core fold as the cPLA2 catalytic domain and,
like cPLA2, S146 and D392 form a catalytic dyad within a
hydrophobic binding funnel, a feature which was previously
thought to be specific for the cPLA2 family of enzymes.
Significantly, this model also suggests that PLB1 probably
does not have a region equivalent to the central part of the
cap domain, which occludes the cPLA2 active site, suggesting
that this lid region may be involved in regulation rather than
interfacial activation. Finally, in silico modeling identifies
potential binding sites for the lipid acyl chain within the
lower tract of cPLA2, where hydrolysis is predicted to occur,
and through the homology model, also in PLB1, thus
providing a structural basis for interpretation of the differ-
ences in substrate specificity between lipases sharing the
cPLA2 catalytic domain fold and for the differential effect
of inhibitors on the various PLB1 enzymatic activities. The
model also allows a prediction of the effects of mutations
within PLB1 and thus represents a further step toward the
rational design of agents to control PLB1 activity and
function.
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