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PROBING THE INTERACTION OF PHOSPHOLIPASE A2 AND PHOSPHOLIPIDS

WITH RECOMBINANT DNA TECHNIQUES

H.M. VERHEIJ

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 aboutthirty percentofall residuesis fully conserved. In addition

abouttwentyfive percentof the aminoacids is substituted by amino acids with similar properties like charge

and/or polarity and hydrogen-bonding capacity. The use of recombinant DNAtechniqueshas proovento be

a powerful techniqueto study the role of amino acid side chains in porcine pancreatic phospholipase Ap.

The application of these techniques has madeit possible to create a deletion mutant with enhanced activity

and improved crystallisation properties. It was shown that Leu-31 is importantfor the orientation of the

substrate molecule and is probably also importantfor the shielding of the active site from excess water. Tyr-

69 was shownto be involved in the orientation of the substrate molecule through an interaction with the

phosphate groupofthe substrate. A numberof absolute conserved residues like Tyr-52 and Tyr-73 are

importantfor folding and/or stability of the protein. Theresults 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 enzymesthat catalyze the stereospecific hydrolysis of the 2-

sn-acyl ester bond of 3-sn-phosphoglycerides (1). At least 80 PLAgs from a wide range of sources

including numeroussnake and insect venomsand several cellular and extracellular sites in a variety of

vertebrate species have been isolated and sequenced (2-3). Each of these enzymesexhibit a commonset 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 moredistantrelatives display
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Figure 1. Primary structure of porcine pancreatic Figure 2. The proposed catalytic mechanism
pro PLA2. The tryptic activation to of PLA2.
PLAgoccurs at the Arg-!-Ala! bond.

closely similar secondary andtertiary structures and a highly conserved catalytic machinery, Ca2+-binding

region and other structural attributes that apparently define the essential features required for the Ca?*-

dependenthydrolysis of aggregated phospholipid substratesthat is characteristic of this family of enzymes

(3-6).

Beyondthis conserved framework, however,there can be substantial structural and functional

differences. In particular, surface-exposed residues are highly variable givingrise to vast differencesin the

surface properties of these proteins, including charge (pI's range from ca. 4-11) and the propensity of a

given PLA?to form complexesin solution with eitheritself or other (regulatory) proteins (3). Two major

structural determinants distinguish the pancreatic PLAsfrom all other PLAgs. The pancreatic PLA2sare

produced andstored in the pancreas in the form ofan inactive precursor (Figure 1). Full activity requires

tryptic activation in the intestine (7). No precursor forms have been reported for the venom andcellular

PLAgs.In addition,all pancreatic PLA2scontain a surface loop (residues 62-72) of variable structure and

in all other PLAgsthis loopis lacking due to a 5-7 aminoaciddeletion. Based onthe disulfide pairings the

PLAgscan be devided into group I and II enzymes(8). The first group comprises elapid venom and

pancreatic PLAgs, to the group II enzymesbelong the extracellular enzymesfrom (pit) viper venoms and the

cellular enzymes.

Chemical modification and X-ray crystallography studies (9-11) have indicated the importance ofHis-

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-
cholineto native proPLA2(left) and to mutant proPLAg(right) at pH 6 in the presence of 10
mM calcium.

PLA2. Based on these data a general catalytic mechanism has been proposed (9), in which the aspartate-

histidine couple and a water moleculeserve as a catalytic triad (Figure 2), suggesting a similarity to the

proton relay system ofthe serine esterases (12).

Recombinant DNAtechniques have become a powerfultool in the study of proteins, permitting the

replacementof any given residue by any other aminoacid. The cloning and expression of porcine pancreatic

PLA?in E.coli and yeast (13,14) allowingforthe isolation of 50-100 mg quantities of (mutant) PLA2s,

madeit 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 Enhancedactivity and altered substrate binding properties of (pro)phopholipse Az by deletion ofa

surface loop.

Despite the fact that the core sequenceofall PLAgsis highly conserved, Nature has created a numberof

natural variants in which otherwise conserved residues have been changed. An exampleof such a variation

is the surface loopthatis present in pancreatic PLAgs,butis lackingin all other PLAs. Deletion of residues

62-66 (compare figure 1) has marked effects on the properties of the resulting A62-66 (pro)phospholipase

A2 (15,16). The activity of the mature enzymeacting on zwitterionic substrates increasesupto sixteen fold,

wherastheactivity toward negatively charged substrates is decreased aboutfive fold. In contrastto the wild

type precursor of PLA?the precursor form of the deletion mutanthassignificantaffinity for aggregated

phospholipid analogues(see figure 3), but despite this interaction the enzymaticactivity of the mutant

precursor on these substrates is unmeasurably small. Thus the mutation has conferred properties to

pancreatic PLA? similar to these in cobra venom PLA:high activity on zwitterionic substrates versus

lowactivity on negatively substrates. Also the venom PLAjsstill bind to interfaces after chemical

modification of the amino terminalresidue, but are no longer active (17). To our surprise the removal ofthe
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Figure 4. Crosssection ofthe active site of PLA2 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 activesite from the direction of the arrow.

surface loop significantly improved crystallisation properties and for this reason this mutanthas been used

for several crystallisation experiments.

2.2 Glycine-30 is importantforcatalysis.

The venom ofthe Australian tiger snake Notechus scutatus contains active PLAgs and an inactive PLA2

homologthat differs from the active species by at least 40 mutations (18). Amongthe substituted amino

acids is the replacementof the otherwise conserved glycine-30 bya serine residue.In orderto 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, whereasthe affinity for calcium ions was reduced tenfold. The

lowered catalytic efficiency may be caused bya slightly different position of calcium relative to His-48

and/or by a different orientation of the backbone amide NH ofserine-30. Such reorientation could result

from a change in 6,angles that can be anticipated upon substituting serine for glycine. Consequently the

amide NH maynolonger form a hydrogen bondwith 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 ofthe active site.

Near the entranceofthe active site of PLA? tworesidues,i.e. 31 and 69, are presentat 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 PLA2 sequencesthe residueat 69is either Tyr or Lys, the residue at 31 is Leu, Trp, Arg or Ala in

more than 85% ofall PLAgs.

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

aminoterminal region.

directed mutagenesis, replacing Leu byeither 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 ofthe product analogue n-decylphosphocholine, whereasthe 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 mutantwith a Trp atposition 31 being the mostactive enzyme. The results of

these investigationspointto a versatile role for the residue at position 31: involvementin the binding and

orientating of monomeric substrate (analogues), involvementin the binding of the enzymeto micellar

substrate analogues and possibly involvementin shieldingthe active site from excess water.

Therole of Tyr-69 of porcine pancreatic PLA? was studied with the help of proteins modified bysite-

directed mutagenesis in combination with the use of phospholipid analogues (24,25). Two mutants were

used containing Pheand Lys,respectively, at position 69. Modifications in the phospholipids included

amongothers a changed chirality at sn-2 of the glycerol backbone and the introduction ofa sulfur at the

phosphorus (thion phospholipids). Replacement of Tyr-69 by Lys reduces enzymatic activity, but the

mutant enzymeretains both the stereo- and positional specificity of native PLA2. The Phe-69 mutant not

only hydrolyses phospholipidsofthe natural L configuration, but the D-isomers are hydrolysed too.

Similarly this mutant hydrolyses the Rp isomerofthion phospholipids not only moreefficiently than the

wild-type enzymedoes, but the Sp thion isomeris 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

OHofTyr-69 and by an interaction with the calcium ion. In the mutant Y69K the e-NH2 groupcan play a
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similar role as the Tyr-OH groupin native PLA2. The Y69F mutant cannotbind and orient the phosphate

group resulting in a reduced stereospecificity. Moreover the smaller sidechain of the Y69F mutant can

interact with more bulky headgroups, allowingfor relatively high enzymatic activities on modified

phospholipids.

2.4 The extended hydrogen bonding system ofPLA2.

In the active center of all PLA2s His-48is at hydrogen bonding distance to Asp-99. This Asp-His couple is

assumed to act together with a water moleculeasa catalytic triad. According to the 3-Dstructure, the Asp-

99 residue not only interacts with His-48, but forms hydrogen bondsin the interior of the enzyme as well

(23). The O81 atom can accept hydrogen bonds from Tyr-73 and from a water molecule, whichin turn is

H-bonded to the NH3+-group of Ala-1 and to Tyr-52. The 082 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 atposition 52 and 73 are

fully conserved in all seventy nine known sequencesof pancreatic-, snake venom- and intracellular

mammalian phospholipases A2 (for a comparison of 50 sequences see 24). To probe the functionof the

fully conserved Asp-99, Tyr-52 and Tyr-73 residues in porcine PLA2, the Asp-99 residue wasreplaced by

Asn, and each ofthe 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 changesignificantly relative

to the wild-type enzyme. Thisrules outthe possibility that either one of the two Tyr residuesin the wild-

type enzyme can function as an acyl acceptor or proton donorin catalysis. The Gln-73 mutantcould not be

obtained in any significant amounts probably dueto incorrect folding. The Gln-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 wasnearly unchanged. Theseresults 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.

Atposition 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 mutanthas

retained noless than 65% ofits enzymatic activity on the monomeric substrate, while the Asp to Asn

substitution decreasesthe catalytic activity on micellar substrates to about 4%. To explain these remaining

activities we suggestthat 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

monomericsubstrates than for the hydrolysis of aggregated substrates.In this respect, it must be keptin

mind that aggregated substrates are hydrolysed atleast three orders of magnitude faster than monomeric

substrates and that proton transfer mightbe the rate limiting step for the hydrolysis of aggregated substrates

but not for hydrolysis of monomeric substrate.

2.5 The three-dimensionalstructure ofa PLA2 inhibitor complex.

Three-dimensional (3D)structures have been elucidated only for extracellular PLA2s (6,11,23) anditis

evident that these structures are very similar (26). No structure is available for an intracellular PLA2, but

based on the amino acid sequence homology the 3D-structuresof the pancreatic PLA2-inhibitor complexes

are probably suitable as a model for other extracellular and for intracellular PLA2s. 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 wascocrystallized

with a porcine PLA? mutant whichlacksresidues 62-66 and which wasselected because ofits

crystallisation properties. In order to increase the affinity for monomericsubstratesstill further, a Trp was

introduced atposition 31. The inhibitor binds about 1200 times stronger than the substrate (R) 1,2-

didodecanoyl-glycerol-3-phosphocholine to this mutant PLA2. Thestructure of the complex of this mutant

PLA? and the inhibitor was solved andrefined at 2.4 A resolution (27, see also B.W.Dijkstra, this

volume). Theinhibitor is bound to the calcium ion in the enzyme'sactivesite both with its phosphate group

as well as with the carbonyl oxygen of the amide bond. These two ligands replace two water moleculesthat

are ligands ofthe calcium ion in the native structure (23). The hydroxyl group of Tyr-69 makesa hydrogen

bond with one of the oxygen atomsof the phosphate group. This is in agreementwith site-directed

mutagenesis experiments indicating that Tyr-69 is importantfor the precise positioning of the phospholipid

substrate in the enzyme's activesite (20,21). The acyl chain of the inhibitor makes extensive hydrophobic

contacts with invariant or nearly invariant aminoacids: 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 makesa strong hydrogen bond

with the N81 atom of His-48. Two water molecules that are near the Nd1 atom of His-48in 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 andto actas 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 presentstructure the inhibtor's carbonyl oxygen atom is

boundto the calcium ion andis at 2.7 A from the NH group of Gly-30. However, a strong hydrogen bond

exists between the NH ofthe 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 N81 atom,

whichis the catalytically active species (9). The absence of a water moleculein the activesite close to the

acyl-amino linkage raises the question aboutthe attacking nucleophile. Therefore, in a model building

experiment, the amide bondofthe inhibitor was replaced by an ester bond to see how true substrate might

bind in the active site and whether enough space would becomeavailable for a water molecule. Indeed, a

simpletilting of the ester group away from His-48creates 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 N61 atom, andis at about 2.8 A from the

carbonyl carbon atom ofthe 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 PLA2. Especially the contacts with the polar

functionsin 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 onthe results of site-directed mutagenesis studies pertaining to the role of Gly-30, Leu-31, Asp-49

and Tyr-69in fixating the substrate, the cofactor calcium andtheir respective roles in the true catalytic steps.

In addition the positioning of the acyl chains becameclear from this structure. Despite this progress in our

knowledge onthe precise positioning of the individual substrate moleculein the active site, the question

how the enzymeis activated by interfaces is not solved yet. Future experiments exploring the extended

hydrogen bonding system thatlinks the amino-terminalhelix to the true activesite (Figure 5), in

combination with NMR experiments of enzyme-micelle complexes might increase our insightin this

question .
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