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PROBING THE INTERACTION OF PHOSPHOLIPASE A, AND PHOSPHOLIPIDS

WITH RECOMBINANT DNA TECHNIQUES

H.M. VERHEI

Department of Biochemistry , University of Utrecht, CBLE, University Center De Uithof, P.O. Box
80054, 3508 TB Utrecht (The Netherlands).

SUMMARY

The primary structure of eighty phospholipases A, from different sources is known. These sequences
reveal a high degree of homology, and about thirty percent of all residues is fully conserved. In addition
about twenty five percent of the amino acids is substituted by amino acids with similar properties like charge
and/or polarity and hydrogen-bonding capacity. The use of recombinant DNA techniques has prooven to be
a powerful technique to study the role of amino acid side chains in porcine pancreatic phospholipase A,.
The application of these techniques has made it possible to create a deletion mutant with enhanced activity
and improved crystallisation properties. It was shown that Leu-31 is important for the orientation of the
substrate molecule and is probably also important for the shielding of the active site from excess water. Tyr-
69 was shown to be involved in the orientation of the substrate molecule through an interaction with the
phosphate group of the substrate. A number of absolute conserved residues like Tyr-52 and Tyr-73 are
important for folding and/or stability of the protein. The results of the studies described here support the
mechanism of catalysis of phospholipase A2 that was proposed already ten years ago.

1 INTRODUCTION

Phospholipases A2 (PLA2; E.C. 3.1.1.4) are enzymes that catalyze the stereospecific hydrolysis of the 2-
sn-acyl ester bond of 3-sn-phosphoglycerides (1). At least 80 PLA2s from a wide range of sources
including numerous snake and insect venoms and several cellular and extracellular sites in a variety of
vertebrate species have been isolated and sequenced (2-3). Each of these enzymes exhibit a common set of
structural and functional properties indicative of a family of highly conserved enzymes. All are relatively
small (ca. 14 kDa), extensively (disulfide) cross-linked proteins. Even the more distant relatives display
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Figure 1. Primary structure of porcine pancreatic Figure 2. The proposed catalytic mechanism
pro PLAj. The tryptic activation to of PLA3.

PLAj occurs at the Arg-1-Alal bond.

closely similar secondary and tertiary structures and a highly conserved catalytic machinery, Ca2+-binding
region and other structural attributes that apparently define the essential features required for the Ca2+-
dependent hydrolysis of aggregated phospholipid substrates that is characteristic of this family of enzymes
(3-6).

Beyond this conserved framework, however, there can be substantial structural and functional
differences. In particular, surface-exposed residues are highly variable giving rise to vast differences in the
surface properties of these proteins, including charge (pI's range from ca. 4-11) and the propensity of a
given PLAj to form complexes in solution with either itself or other (regulatory) proteins (3). Two major
structural determinants distinguish the pancreatic PLA2s from all other PLAjs. The pancreatic PLA»s are
produced and stored in the pancreas in the form of an inactive precursor (Figure 1). Full activity requires
tryptic activation in the intestine (7). No precursor forms have been reported for the venom and cellular
PLA>s. In addition, all pancreatic PLA3s contain a surface loop (residues 62-72) of variable structure and
in all other PLAgs this loop is lacking due to a 5-7 amino acid deletion. Based on the disulfide pairings the
PLA2s can be devided into group I and II enzymes (8). The first group comprises elapid venom and
pancreatic PLA3s, to the group II enzymes belong the extracellular enzymes from (pit) viper venoms and the
cellular enzymes.

Chemical modification and X-ray crystallography studies (9-11) have indicated the importance of His-
48, Asp-99 and Asp-49, the latter residue as a Ca2+-binding ligand, for the enzymatic activity of pancreatic
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Figure 3. Ultraviolet difference spectra resulting from the addition of micelles of n-hexadecylphospho-
choline to native proPLA? (left) and to mutant proPLA; (right) at pH 6 in the presence of 10
mM calcium.

PLAj. Based on these data a general catalytic mechanism has been proposed (9), in which the aspartate-
histidine couple and a water molecule serve as a catalytic triad (Figure 2), suggesting a similarity to the
proton relay system of the serine esterases (12).

Recombinant DNA techniques have become a powerful tool in the study of proteins, permitting the
replacement of any given residue by any other amino acid. The cloning and expression of porcine pancreatic
PLAj in E. coli and yeast (13,14) allowing for the isolation of 50-100 mg quantities of (mutant) PLA?s,
made it possible to verify the proposed mechanism of catalysis and to probe the residues involved in the
interaction of calcium as well as with substrate molecules. In the present paper the results obtained by the
combined use of mutant proteins, competitive inhibitors and X-ray crystallography will be discussed.

2 RESULTS
2.1 Enhanced activity and altered substrate binding properties of (pro)phopholipse Az by deletion of a
surface loop.

Despite the fact that the core sequence of all PLAjs is highly conserved, Nature has created a number of
natural variants in which otherwise conserved residues have been changed. An example of such a variation
is the surface loop that is present in pancreatic PLAjs, but is lacking in all other PLA2s. Deletion of residues
62-66 (compare figure 1) has marked effects on the properties of the resulting A62-66 (pro)phospholipase
Aj (15,16). The activity of the mature enzyme acting on zwitterionic substrates increases up to sixteen fold,
wheras the activity toward negatively charged substrates is decreased about five fold. In contrast to the wild
type precursor of PLAj the precursor form of the deletion mutant has significant affinity for aggregated
phospholipid analogues (see figure 3), but despite this interaction the enzymatic activity of the mutant
precursor on these substrates is unmeasurably small. Thus the mutation has conferred properties to
pancreatic PLA7 similar to these in cobra venom PLA»: high activity on zwitterionic substrates versus
lowactivity on negatively substrates. Also the venom PLA3s still bind to interfaces after chemical
modification of the amino terminal residue, but are no longer active (17). To our surprise the removal of the
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Core

Figure 4. Cross section of the active site of PLA7 showing His-48, Asp-49 and Asp-99. The Van der
Waals surfaces of Leu-31 and Tyr-69 are shaded. Substrate molecules are supposed to approach
the active site from the direction of the arrow.

surface loop significantly improved crystallisation properties and for this reason this mutant has been used
for several crystallisation experiments.

2.2 Glycine-30 is important for catalysis.

The venom of the Australian tiger snake Notechus scutatus contains active PLA2s and an inactive PLA»
homolog that differs from the active species by at least 40 mutations (18). Among the substituted amino
acids is the replacement of the otherwise conserved glycine-30 by a serine residue. In order to replaced by a
serine (19). The resulting mutant G30S was expressed in Escherichia coli, purified and characterized. The
mutation caused a significant drop in enzymatic activity towards monomeric and aggregated substrates, had
a limited effect on substrate binding, whereas the affinity for calcium ions was reduced tenfold. The
lowered catalytic efficiency may be caused by a slightly different position of calcium relative to His-48
and/or by a different orientation of the backbone amide NH of serine-30. Such a reorientation could result
from a change in ¢,y angles that can be anticipated upon substituting serine for glycine. Consequently the
amide NH may no longer form a hydrogen bond with the ester carbonyl. Where in the proposed mechanism
(9) this hydrogen bond together with the calcium ion stabilises the tetrahedral intermediate, the removal of
this hydrogen bond could explain the observed reduced catalytic rate constants.

2.3 Surface residues near the entrance of the active site.

Near the entrance of the active site of PLA» two residues, i.e. 31 and 69, are present at the edge of the
active site cleft and their side chains might be involved in the interaction with substrate molecules (see Figure
4). In all PLA7 sequences the residue at 69 is either Tyr or Lys, the residue at 31 is Leu, Trp, Arg or Ala in
more than 85% of all PLA3s.

To study the role of residue 31 in porcine pancreatic PLA2, six mutant enzymes were produced by site-
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Figure 5. The extended hydrogen bonding system of PLA2, showing the connection of His-48 to the
amino terminal region.

directed mutagenesis, replacing Leu by either Trp, Arg, Ala, Thr, Ser, or Gly (23). Direct binding studies
indicated a 3 to 6 times greater affinity of the Trp-31 PLA for both monomeric and micellar substrate
analogues, relative to the wild-type enzyme. The other five mutants posses an unchanged affinity for
monomers of the product analogue n-decylphosphocholine, whereas the affinities for micelles of the
monoacyl product analogue n-hexadecylphosphocholine were decreased 9-20 times. Kinetic studies with
monomeric substrates showed that the mutants have Vmax values which range between 2 and 70% relative
to the wild-type enzyme, the mutant with a Trp at position 31 being the most active enzyme. The results of
these investigations point to a versatile role for the residue at position 31: involvement in the binding and
orientating of monomeric substrate (analogues), involvement in the binding of the enzyme to micellar
substrate analogues and possibly involvement in shielding the active site from excess water.

The role of Tyr-69 of porcine pancreatic PLA was studied with the help of proteins modified by site-
directed mutagenesis in combination with the use of phospholipid analogues (24,25). Two mutants were
used containing Phe and Lys, respectively, at position 69. Modifications in the phospholipids included
among others a changed chirality at sn-2 of the glycerol backbone and the introduction of a sulfur at the
phosphorus (thion phospholipids). Replacement of Tyr-69 by Lys reduces enzymatic activity, but the
mutant enzyme retains both the stereo- and positional specificity of native PLA2. The Phe-69 mutant not
only hydrolyses phospholipids of the natural L configuration, but the D-isomers are hydrolysed too.
Similarly this mutant hydrolyses the R isomer of thion phospholipids not only more efficiently than the
wild-type enzyme does, but the Sy, thion isomer is hydrolyzed too, although at a low (~4%) rate. Our data
suggest that in PLA fixation of the phosphate group is achieved both by an interaction with the phenolic
OH of Tyr-69 and by an interaction with the calcium ion. In the mutant Y69K the e-NH group can play a
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similar role as the Tyr-OH group in native PLA2. The Y69F mutant cannot bind and orient the phosphate
group resulting in a reduced stereospecificity. Moreover the smaller sidechain of the Y69F mutant can
interact with more bulky headgroups, allowing for relatively high enzymatic activities on modified
phospholipids.

2.4 The extended hydrogen bonding system of PLA3.

In the active center of all PLA2s His-48 is at hydrogen bonding distance to Asp-99. This Asp-His couple is
assumed to act together with a water molecule as a catalytic triad. According to the 3-D structure, the Asp-
99 residue not only interacts with His-48, but forms hydrogen bonds in the interior of the enzyme as well
(23). The O31 atom can accept hydrogen bonds from Tyr-73 and from a water molecule, which in turn is
H-bonded to the NH3+-group of Ala-1 and to Tyr-52. The 032 atom of Asp-99 can accept hydrogen bonds
of the H atom of the N3 of His-48 and of Tyr-52 (Figure 5). The two tyrosines at position 52 and 73 are
fully conserved in all seventy nine known sequences of pancreatic-, snake venom- and intracellular
mammalian phospholipases A2 (for a comparison of 50 sequences see 24). To probe the function of the
fully conserved Asp-99, Tyr-52 and Tyr-73 residues in porcine PLAj, the Asp-99 residue was replaced by
Asn, and each of the tyrosines were separately replaced by either a Phe, Leu or a Gln (25).

The catalytic and binding properties of the Phe-52 and Phe-73 mutants did not change significantly relative
to the wild-type enzyme. This rules out the possibility that either one of the two Tyr residues in the wild-
type enzyme can function as an acyl acceptor or proton donor in catalysis. The GIn-73 mutant could not be
obtained in any significant amounts probably due to incorrect folding. The GIn-52, Leu-52 and Leu-73
mutants were isolated in low yields and had a 15-60 times decreased catalytic activity while their substrate
binding was nearly unchanged. These results suggest a structural role rather than a catalytic function of Tyr-
52 and Tyr-73: at this position an aromatic residue appears to be essential.

At position 99 substitution of asparagine for aspartate hardly affects the binding constants for both
monomeric and micellar substrate analogues. Kinetic characterization revealed that the Asn-99 mutant has
retained no less than 65% of its enzymatic activity on the monomeric substrate, while the Asp to Asn
substitution decreases the catalytic activity on micellar substrates to about 4%. To explain these remaining
activities we suggest that in the mutant the Asn-99 orients His-48 in the same way as Asp-99 orients His-
48 in native PLA; (Figure 6). The lowered activity may be caused by a reduced stabilisation of the
transition state because the protonated imidazole ring is now interacting with a neutral amide rather than with
a negatively charged carboxylate. This reduction in rate is more pronounced for the hydrolysis of
monomeric substrates than for the hydrolysis of aggregated substrates. In this respect, it must be kept in
mind that aggregated substrates are hydrolysed at least three orders of magnitude faster than monomeric
substrates and that proton transfer might be the rate limiting step for the hydrolysis of aggregated substrates
but not for hydrolysis of monomeric substrate.

2.5 The three-dimensional structure of a PLA3 inhibitor complex.

Three-dimensional (3D) structures have been elucidated only for extracellular PLA3s (6,11,23) and it is
evident that these structures are very similar (26). No structure is available for an intracellular PLA, but
based on the amino acid sequence homology the 3D-structures of the pancreatic PLA2-inhibitor complexes
are probably suitable as a model for other extracellular and for intracellular PLA3s. To obtain such a 3D-
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Figure 6. (A): Hydrogen-bonding network in the active center of native porcine pancreatic phospholipase
A2 (23), and (B): Proposed hydrogen-bonding network in AD99N PLA,.

stucture, the competitive inhibitor (R) 2-dodecanoyl-amino-1-hexanol-phosphoglycerol was cocrystallized
with a porcine PLA7 mutant which lacks residues 62-66 and which was selected because of its
crystallisation properties. In order to increase the affinity for monomeric substrates still further, a Trp was
introduced at position 31. The inhibitor binds about 1200 times stronger than the substrate (R) 1,2-
didodecanoyl-glycerol-3-phosphocholine to this mutant PLA3. The structure of the complex of this mutant
PLAj and the inhibitor was solved and refined at 2.4 A resolution (27, see also B.W. Dijkstra, this
volume). The inhibitor is bound to the calcium ion in the enzyme's active site both with its phosphate group
as well as with the carbonyl oxygen of the amide bond. These two ligands replace two water molecules that
are ligands of the calcium ion in the native structure (23). The hydroxyl group of Tyr-69 makes a hydrogen
bond with one of the oxygen atoms of the phosphate group. This is in agreement with site-directed
mutagenesis experiments indicating that Tyr-69 is important for the precise positioning of the phospholipid
substrate in the enzyme's active site (20,21). The acyl chain of the inhibitor makes extensive hydrophobic
contacts with invariant or nearly invariant amino acids: the disulfide bridge between residues 29 and 45, the
side chains of residues Leu-2, Phe-5, Ile-9, Leu-19. Phe-22 and Tyr-52. The short alkyl chain has no
interactions within 4 A with the protein. The nitrogen of the amide bond makes a strong hydrogen bond
with the N81 atom of His-48. Two water molecules that are near the N31 atom of His-48 in the native
structure, have been replaced by the bound inhibitor. One of these water molecules was proposed to be
activated by the His48-Asp99 couple and to act as the nucleophile attacking the carbonyl carbon atom of the
scissile bond (Figure 2). The oxy-anion intermediate would then be stabilized by the calcium ion and the
peptide NH group of Gly-30 (9). Indeed in the present structure the inhibtor's carbonyl oxygen atom is
bound to the calcium ion and is at 2.7 A from the NH group of Gly-30. However, a strong hydrogen bond
exists between the NH of the inhibitor's amide bond and the N81 atom of His-48. In a true substrate-
enzyme complex the ester oxygen cannot form such a hydrogen bond with the unprotonated N&1 atom,
which is the catalytically active species (9). The absence of a water molecule in the active site close to the
acyl-amino linkage raises the question about the attacking nucleophile. Therefore, in a model building
experiment, the amide bond of the inhibitor was replaced by an ester bond to see how a true substrate might
bind in the active site and whether enough space would become available for a water molecule. Indeed, a
simple tilting of the ester group away from His-48 creates sufficient space for such a water molecule. The
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modelled substrate is liganded to the calcium ion both by its phosphate group and the carbonyl oxygen
atom. The modelled water is hydrogen bonded to the His-48 N31 atom, and is at about 2.8 A from the

carbonyl carbon atom of the substrate.

3 SUMMARIZING COMMENTS
The mutants described in this paper have useful to increase our understanding of how the monomeric

substrate (or inhibitor) molecule binds to the active site of PLA3. Especially the contacts with the polar
functions in the substrate could thus be predicted with relative accuracy, but the folding of both acyl chains
remained uncertain. The recently determined X-ray structure is in agreement with the conclusions that were
based on the results of site-directed mutagenesis studies pertaining to the role of Gly-30, Leu-31, Asp-49
and Tyr-69 in fixating the substrate, the cofactor calcium and their respective roles in the true catalytic steps.
In addition the positioning of the acyl chains became clear from this structure. Despite this progress in our
knowledge on the precise positioning of the individual substrate molecule in the active site, the question
how the enzyme is activated by interfaces is not solved yet. Future experiments exploring the extended
hydrogen bonding system that links the amino-terminal helix to the true active site (Figure 5), in
combination with NMR experiments of enzyme-micelle complexes might increase our insight in this

question .
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