
Interfacial Catalysis: The Mechanism of 
Phospholipase A, 

A chemical description of the action of phospholipase A, 
(PLA,) can now be inferred with confidence from three 
high-resolution x-ray crystal structures. The first is the 
structure of the PLA, from the venom of the Chinese 
cobra (Naja naja atra) in a complex with a phosphonate 
transition-state analogue. This enzyme is typical of a 
large, well-studied homologous family of PLA,s. The 
second is a similar complex with the evolutionarily distant 
bee-venom PLA,. The third structure is the uninhibited 
PLA, from Chinese cobra venom. Despite the different 
molecular architectures of the cobra and bee-venom 
PLA,s, the transition-state analogue interacts in a nearly 
identical way with the catalytic machinery of both en- 
zymes. The disposition of the fatty-acid side chains sug- 
gests a common access route of the substrate from its 
position in the lipid aggregate to its productive interac- 
tion with the active site. Comparison of the cobra-venom 
complex with the uninhibited enzyme indicates that op- 
timal binding and catalysis at the lipid-water interface is 
due to facilitated substrate diffusion from the interfacial 
binding surface to the catalytic site rather than an allo- 
steric change in the enzyme's structure. However, a sec- 
ond bound calcium ion changes its position upon the 
binding of the transition-state analogue, suggesting a 
mechanism for augmenting the critical electrophile. 

P HOSPHOLIPASE A2 (PLA2) IS A PARADIGM FOR CALCIUM- 

mediated enzymatic reactions at a lipid-aqueous interface 
because its hydrolytic activity toward the 2-acyl group (hence 

the designation A,) of L- 1,2 diacylphosphatides is directed prefer- 
entially ;gainst substrate aggregates such as micelles, monolayers, 
vesicles, or membranes. Interest in the action of PLA, also derives 
from its implication in mediating the inflammatory response 
through the release of arachidonic acid from the sn-2 position of 
phospholipids in the plasma membrane. Arachidonate is the precur- 
sor of the eicosanoid mediators of inflammation including leuko- 
trienes, thromboxanes, and prostaglandins. Secreted PLA,s are 
convenient for biochemical and biophysical studies as they are 
rugged small proteins (usually about 120 to 134 amino acids) that 
can be easily purified in large amounts from pancreatic juice and the 
venom of snakes and insects. The protein is readily crystallized in 
well-ordered lattices and has been cloned from a wide variety of 
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cDNA libraries. Two of these clo~les and their mutational variants 
have been overexpressed and studied biochemically and crystallo- 
graphically ( 1 ) .  

The action of PLA, has been exhaustively reviewed but there is 
little consensus on the details of catalysis or the molecular basis for 
this enzyme's strong preference for lamellar or micellar substrate. In 
this article, we propose a mechanism for the action of PLA,. Our 
proposals for both the binding mechanism and the chemistry of 
catalysis are based primarily on the recently reported 2.0 A crystal 
structures of two PLA, complexes with a phosphonate transition- 
state analogue. One complex is formed with PLA, from the venom 
of the Chinese cobra (2), which is a member of a large homologous 
family of PLA,s referred to as the Class 1/11 family (3). The other 
complex is formed with the evolutionarily divergent PLA, from bee 
venom (4) .  In both cases the inhibitor is L- 1-0-octyl-2-hept)'IpI~os- 
phonyl-sn-glycero-3-phosphoethanolamine [diC8(2Ph)PE] (Fig. 1). 

The stereochemical picture of PLA, catalysis is completed by the 
1.5 crystal structure of the uninhibited N. r i .  atva enzyme (Fig. 2). 
This structure enables us to answer important questions relating to 
structural adjustments in both the protein and its ligands caused by 
the binding and hydrolysis of substrate. Specifically, this structure 
enables us to see that (i) stabilizing the transition-state complex 
involves preservation of the coordination geometry of the primary 
calcium ion-two calcium-associated water molecules from the 
uninhibited enzyme are displaced by the oxyanion of the substrate's 
tetrahedral intermediate and the nonbridging oxygen of the sn-3 
phosphate; (ii) stabilization of the transition state may involve 
recruitment of additional positive charge to neutralize the oxymion 
of the tetrahedral intermediate; and (iii) there are no co~lformational 
adjustments in the backbone required to optimize substrate binding 
or catalysis. 

Catalytic mechanism. The formation, stabilization, and collapse 
of the transition state is schematically outlined in Fig. 3. In this 
mechanism we assume that the phosphonate emulates the tetrahe- 
dral intermediate of esterolysis whose formation, stability, and 
productive collapse are fostered by the enzyme's catalytic surface. 
The interactions of the phosphonate with the enzyme's catalytic 
hnctionalities are shown in Fig. 4. One of the nonbridging 
phosphonate oxygens is hydrogen bonded to the N61 of the active 
site His48(34) (5,  6) and represents the attacking hydroxyl pro- 
duced by the histidine's abstraction of a proton from a water 
molecule found at the same position in the uninhibited form of the 
N. n. atva venom PLA, (Fig. 2). A water molecule is found at this 
position in all high-resolution crystal structures of Class 1/11 PLA2s 
(7). Since no acyl enzyme intermediate has been observed, this water 
was invoked as the likely source for the nucleophile to attack the 
carbonyl function (6, 8). The proton abstracted by His48(34) is 
only 2.6 A from the bridging sn-2 oxygen and is therefore ideally 
situated to protonate this oxygen in concert with the productive 
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Fig. 1. (A) The an- A 3 B 
sition-state analowe. 

mihe, & a short-chain 

strong PLA2 inhibitors 
studied by Gclb and 
mwodce& (31, 32) in 
which a phosphonate 
r r q b  the m-2 ester. 
This analogue was d e s i i  to emulate the transition state (B) tbrmed in the 
hydrolysii of 1,2-dioctanoyl-m-3-phos anolamine (C) and is therefbrc 
designated as diG(2W)PE. The =on of diG(2Ph)PE as seen in 
the wmpkx with the PLA, h N. n. atra venom was used to model the 
seucnue of 1 J-dioctanoyl-m-3- phocdmolamine and its transition 
state; the ester carbonyk are & with w m  bond distances and 
interbond angles but their positions do not necessarily reprrsent the mini- 
mum energy conf;ormatons. (C, P, 0, and N atoms are -ted by black 
spheres, large open s p h ,  small open spheres, and d p c d  spheres, 
mpectively; the spheres with asterisks denote the positions of the oxyan- 
ions.) 

collapse of the tetrahedral intermediate (9). The nonbridging oxy- 
gen of the phosphonate facing the calaum ion q m x n t s  the 
oxyanion of the tetrahedral intcrmcdiate fomxd from the substrate 
carbonyl by nudeophilic attack and interacts with the calaum ion as 
one of its equatorial ligands. Thus the oxyanion is e l m t i c a l l y  
stabilized by the calaum ion and a backbone amide N-H from 
Gly30(10) while satistjing the geometrical requirements for calaum 
coordination. During catalysis, the oxyanion, calaum ion, and 
atcuking nudeophile are buried in the enzyme's interior where they 
are devoid of hydrogen bonds to solvent. Thc solvent's access to the 
active site is limited: the nearest fixed water molecule is at least 5 A 
away h m  the atta&ing nudeophile. This adusion of water h m  
the active site is likely to strongly augment the e l m t i c  fbms 
that stabilize the transition state. 

Without benefit of direct sauaural evidence, Verheij et al. (6) 
suggested a formal mechanism that is remarkably dose to that 
indicated by the structures of our transition-state analogue complex- 
es. We propose that the active site His48(34) extracts a proton from 
a water molecule bound to the NSl position (9). The exaaaed 
proton is pecfedy positioned to be subsequently deposited on the 
alkoxide leaving group to provide a low-energy pathway that draws 
the collapse of the tetrahedral intennediate toward the desired 
products. The positive charge acquired by the enzyme when it 
abstracts the proton from the attacking water mokcule is presum- 
ably stabilized through an extended hydrogen-bonded network that 
indudes His48(34) and AspW(64) (Fig. 2). This charge can then be 
readily "recalledn for protonation of the sn-2 a b i d e .  

This stereochemical device is reminiscent of the catalytic system of 
the serine p r o m .  There are three difhences, however. F i  in 
PLA, only water can serve as the source ofthe nudcophile. In the 
serine p r o m ,  the active site serim is depmonad to create a 
nudeophile in the acylation step. In the deacylation step ofthe serine 
protease mechanism, virtually any dispersed potential nudeophile 
(such as alcohol or hydroxylamine) can attack the carbony1 of the 
acyl enzyme. Second, tyrosines are present in the catalytic network 
of PLA,; two are absolutely conserved in all Class MI enzymes 
(TyrS2 and Tyr73). Tyr87 of the bee-venom PLA, fbrms the same 
hydrogen bond as Tyr52 of the N. n aha enzyme, but its ring is 
oriented diEerently since it arises fiom a nonanalogous backbone 
site. Although th& Tyr residues extend the ca&c network by 
forming hydrogen bonds between their phenolic hydroxyls and the 
cuboxylate of AspW(64) of the catalytic network, site* 
mutational studies (10) have shown that the principal function of 
these tyrosines is to provide srmchval support. The catalytic net- 

work is fbrther extended in the Class MI W y  by a water molecule 
that links the amino terminus to the 061 of the relay's AspW(64) 
(Fig. 2). Third, the hydrogen-bonding patterns of the imidamle 
ring &. Blow (1 1) points out that the catalytic uiad ofthe serine 
proteases (12) and the pancreatic-microbial lipases (13) extracts a 
proton at the N E ~  of the active histidine, while the aspartate 
carboxylate of the catalytic network interacts through N61. The 
opposite holds true in the case of PLA2; NS1 generates the 
nudcophile and N E ~  interacts with the &*te ofhpW(64). 
Moreover, the interaction between H i ( 3 4 )  and the carboxylate 
of AspW(64) involves a hydrogen bond in the anti rather than the 
syn conformation seen in the serine proteases. This is noteworthy 
because the anti lone pair is a much weaker base (-101 fold) than 
the syn lone pair (14). 
Thcmkofthcclldum~.Calciumionis~tialbottrforthe 

binding of substrate and for catalysii. F i  4 shows the coordina- 
tion geometry ofthe calcium-ion cofaaor in the two transition-state 
analogue complexes and in the uninhibited enzyme. As is the case 
for calaum-binding sites in other proteins (19, the ion is hepta- 
coordinated by a pentagonal bipyramidal cage of 0 atoms. The 
calaum ion unifies catalysis and binding by providing two ligation 
positions: one equatorial site for electrophilic stabilization of the 
oxyanion in the putative tetrahedral in- and one axial 
position for the pro-S nonbridging oxygen of the m-3 phosphate. 
The former lowers the activation banier of the transition state, and 
the latter aids substrate binding and chiral selection (16). In the 
uninhibited fbnn of the N. n aha enzyme, as well as other PLA, 
structuns of the Class MI family (7), the sites used by the substrate's 
oxygens are occupied by the oxygens of two water molecules (1 7). 
As the substrate undergoes catalysis, the oxyanion and the sn-3 
phosphate damp the calcium ion, each displacing a water molecule 
h m  the ligation cage. This displacement of water to the bulk 
solvent should help stabilize the transition-state interaction by an 
entropic factor. Them should also be an enthalpic gain sina the 
dipolar interactions of the water molecules are replaced with much 
swngcr interactions involving the f o d y  charged atoms of the 
substrate. The structures also suggest that, if prior to nudeoph'ic 

Fig.2Thcstnrturr 
of N. n. atra PI.&; 
-dcautymap 
(2F,-F,) of thc 
adriag"waramalc- 
c u l c h w h i c h  
Hidll abamas a 
paon (33). m. a- 
Zym-plnfkd 
fromcndcvcmm 
(Miami Saparar- 
ium) (32). DropIcg 
(12 4) a=?in&3 
lOmglmlpmtan, 10 
mM m 2 ,  0.1 M 
sodium crodvipc 
20 percent 1,4- PH 6.8, war plated onto vw wwr slim and 
m& ov& 1-ml mak&s 0.1 M sohiurn crodyla& 50 
arrmt 1.4butm~bL a d  10 ~ a r m t  mahvl Ilcdaol. Thc c r v d s  10.4 mm 
by0.2&by0.2&) -&sprcP~1~a= b=9i.0A,'andc= 
22.2 11 with om mdcculc in the Yymmak unit. Data to 1.5 A resolution 
(R, = 0.05) wae w k t c d  with two !jan Dkgo Mulciwkr Sysmn dctcc- 
tors;sauficndipionwasgmphitemom&mmdCuK,cmissionfioma 
R i g a L u 3 0 0 x - n y g c n a u o r . m n ~ s m v w c w y i M b y b y ~  
mnt with thc prognm M d a t  1.5 (34) modified as described (39. The 
sevch~~+~thcmOdclofthcsvnccaymdaivedfiomthcctysal  
st- of its wtnpla with a pboepbautr ansition-state vlabgue (2). 
R c f i a a n c m a a n r a g a d ~ t o a n R E r t o r o f 0 . 1 4 3 h d a a i a ~  
rcadution range 8.3 to 1.5 A (F > 1.5 u,). On average, bond lengths, bond 
angkdinanccs,andp~tydcviatcdfromidcal~byksetha110.016, 
0.031, and 0.021 A, rcspccdvcly. 
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attack the scissile ester's carbonyl oxygen is coordinated by the 
electrophilic calcium, the ester would be required to rotate out of 
the plane defined by the trigonal carbonyl and the bridging oxygen. 
Whereas the strain caused by an out-of-plane deformation might be 
tolerated in the case of esters, it is likely to be prohibitively large for 
nitrogen-containing analogies like sn-2 amides or carbamates. We 
suggest that because of their resistance to such deformation, these 
nitrogen-containing analogues cannot bind to the enzyme in the 
same productive conformation as the phosphonates and esters. This 
may account, at least in part, for the great resistance of such 
analogues to hydrolysis (18). 

A supplemental electrophile. The mechanism described here 
relies mainly on the calcium ion to neutralize the oxyanion of the 
tetrahedral intermediate. However, the negative charges of Asp49 
and the sn-3 phosphate have already neutralized the calcium ion's 
positive charge even before the contribution of the oxyanion from 
the tetrahedral intermediate is considered. We have found that the 
uninhibited N .  rl atvn PLA, has a second fully occupied hepta- 
coordinated calcium-binding site 11 A from the primary site (derived 
from the side chains of Asp24 and Asn119). This site is not present in 
the transition-state analogue com~lexes; instead, there is a different 
secondary calcium ion bound 4.6 A closer to the oxyanion (19). We 
propose that calcium binds to its "new" location during enzymatic 
action and is coordinated by 029,  the carbonyl oxygen of the peptide 
formed with N30. From the interaction of the sn-2 phosphonate, we 
have inferred, as shown scl~ematically in Fig. 3, that the amido 
hydrogen of N30 interacts with the presumed oxyatlion of the 
tetrahedral intermediate. Thus the newly positioned calcium ion can 
hyperpolariu: the peptide and, in effect, focus its positive charge 
directly on the oxyanion. The occurrence of the secondary calcium ion 
in both complexes of the asymmetric unit suggests that it is physio- 
logically significant (20). The coordination geometry of the primary 
calcium site may provide the precise scaEold for catalysis and the 
charge on the secondary calcium ion, focused by the C29-N30 
peptide, may senre as a supplemental electrophile to stabilize the 
oxyanion. There are no kinetic or solution studies that bear directly on 
the function or even existence of this secondary calcium ion. If this 
mechanism is general for PLA,, we should find either similar second- 
ary calcium-binding sites in other cqistal structures or other potentially 
mobile positive charges in the vicinity of the C29-N30 peptide. In 
this regard, we note that the crystal structure of bovine pancreatic 
PLA, (21) shows Lys122 interacting with 0 2 9  through an intenren- 
ing water molecule, thereby also polarizing the peptide. The side chain 
of Lys122 (Ccu to N1; distance is 5.2 A) is buckled, which suggests that 
the effect could be endlanced by expulsion of the intenwing water and 
full extension of the Lys side chain (Gx to Nc distance is 7.3 A) to 
form a direct hydrogen bond. We found no evidence for a supple- 
mental electrophile in the bee-venom complex. 

The sn-3 substituent+ontribution to binding affinity. Phos- 
pholipids derive much of their identity from the nature of the 
moiety that forms the distal sn-3 ester. Pl~ospl~atidylethanolamine 
derivatives are a common component of neutral membrane phos- 
pholipids. In the case of N. n ntra PLA,, the amino group of 
diC8(2Ph)PE forms a hydrogen bond with a surface asparagine. 
This interaction would presumably not occur with the quaternary 
ammonium group of choline. In the bee-venom enzyme, a similar 
interaction occurs with an unrefined portion of the carbohydrate. It 
is difficult to interpret the effect of sn-3 esters on a PLA, substrate 
binding since the nature of the phosphatidyl ester also affects the 
physical chemistry of the aggregates (such as surface charge poten- 
tial distribution or the state of aggregation). 

The hydrophobic channel: access and stabilization of bound 
substrate. The sn-1 and sn-2 alkyl substituents lie roughly parallel in 
a hydrophobic channel that extends approximately 14 A from the 

catalytic site to an opening just "above" the amino-terminal helix 
(residues 1 to 12) of the N .  rl atvn enzyme and the functionally 
analogous third helix (residues 76 to 90) of the bee-venom enzyme 
(Fig. 5). The sn-2 substituent is sharply bent at the tetrahedral 
phosphonate as in crystalline phospholipids (22). However, unlike 
the crystal structures of phospholipids, the sn-3 substituents do not 

Fig. 3. Catalytic mechanism. Residues of thc Class 1/11 superfamily arc used 
hcrc for familiarity. Thcy arc replaced by Asp67, His34, and Tyr87 in thc 
bee-venom enzyme. Although Tyr52 and Tyr72 arc absolutcly consenred in 
thc Class 1/11 homologo~~s  supcrfamily they are not shown in (B) and (C).  
(A) Catalytic attack on  substrate bound in a productivc modc. Thc positions 
of the protons arc not known but assumcd from other catalytic systems (36). 
(B) Thc tetrahedral intcrmcdiatc as it collapses into products. (C) The 
products formed by "productive collapse." Thrcc watcr molcculcs movc into 
the active site (as indicated by thc arrows) to replace the products. One will 
cngagc the N61 of His48, and the remaining nvo will coordinate thc calcium 
ion (onc cquatorially and onc axially). 
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m. 4. Interkc between the transition-state adogue and the utalytic 
.laicc. (A) Naja naja atrPmKnn PI.&; the catalytic surficc in the absence 
ofdiG(2Ph)PE. Wver~ are labeled W, the calcium ion is labeled 
Ca, and the amckiq nuchphik is QOSS-ha-7) Naja naja atra-wnom 
PI.& (zrymmcaic unit '0"); P2 simulates the tetmh&d hamediate and 
P 3 ~ t o t h e m - 3 p ~ h a a . n K i m a r t i o n i n l P y m m c a i c u n i t u a a  
is idcntiai, as is the kc-venom inmbcc w h e ~  (35) d b u t e s  the ?I?' cadmyhe;  residua 28(8), 30(10), and 32(12) of e calcium-binding loop 
arnmbute bodrbonc a&onyIs to the calcium ligation cage. Atoms are 
identified as in (A). 

hld back ova the sn-2 csaft but fbnn specific polar interactions 
with the enzyme and its calcium-ion cokor. The walls of the 
channel in both inhibited c n z y m ~ ~  have bccn described (2, 4). Thc 
channd in both complexes has a dynamic kturc that we bdicvc 
lkilitates diffusion ofthe phospholipid from the substrate aggrcgatc 
into the active site ofthe enzyme without exposurr to the solvent. 
TheI&wallofthechvlntlisfbfmcdbyapo&rmay.de 
hydrophobic %pn that is only secured firmly once the substrate is 
produaiveiy bound. In the N. n atra enzyme, this wall is the ring of 
Tyr69 whosc phenolic hydroxyl is bound to the inhibitor's sn-3 
phosphate, which in turn is b d y  anchored to the primary calcium 
ion. Some members of the Class 1/11 family have a Lys69 residue, in 
which casc the bur mcthykne p u p s  ofthis side chain probably 
tinm the hydrophobic I& wall of the channd and the E-amino 

group b i d  to the m-3 phosphate. In the bee-venom enzyme, the 
flexible I& wall is provided by Arg57, which is also s t a b i i  by the 
m-3 phosphate bound to the calcium ion. 
Thc in tafad binding surficc. If in both the N. n atra and 

bee-venom complexes the acyl chains ofthe inhibitor were length- 
ened to correspond to t h e  of natural substrates, they would 
pmaude wdl beyond the s d a  of the enzyme and their "fret" 
tennini would presumably remain embedded in the aggregate. In 
this way we i n h  that the interfacial binding surtaccs ace adjacent to 
the mouths of the hydrophobic channels (Fig. 5). In the case of 
Class UII aryms, the intafacial surFacc would indude the first half 
of the amino-mminal h d y  the usually hydrophobic side chain at 
position 19, and possibly the highly consaved Tyr75. This location 
is consistent with fluonsame and chemical protection studies, 
which show that Trp3 and Trpl9, respcctivdy, ace involved in 
binding to a%grcgaad substrate (23) and also readily explains why 
the pancreatic enzymcs' ability to b i d  and rapidly hydrolyze 
aggregated substrate (24) is dcpcndcnt on the first half of the ncw 
amino-mminal helix created during the conversion from pmemqm 
to enzyme. In the case of the bee-venom PI..&, the third helix 
(residues 76 to 90) is analogous to the amino-tcnninal helix of the 
Class YII family and, although oriented m d y ,  would also 
contribute side chains to the interfad binding s d a  [see f i p  3 
in (4)l- 

Enzymatic action at the htafacc. PLA, is fir more active at the 
lipid-aqueous imaface than in solution. This phenomenon is 
tamed "intuticial activation." 'Lhc term is misleading because it 
implies that the normal basal function of the enzyme is aaivatcd 
when it encounters an aggregate. When viewed in this way it is 
natural to suggest that when the enzyme encountem the lipid- 
aqueous intafaa it undcrgocs a c o h d o n a l  change or oligo- 
maization, or both, th t  enhances Eamlytic activity. However, PLA, 
hasnoncofthe~esofmoaallostcricsystems;thatis,this 
enzyme is extmdular, usually m o n d c ,  and extremely robust, 
and its codonnation is rigdy maintained by seven disd6de bridges 
(7). It is more accurate, and hence more uscll, to state that PLA, 
is a soluble enzyme designed to attack the sn-2 ester of -gated 

m. 5. Complexes ofdiG(2PH)PE with 
PLA2s. (A and 8) Naja naja atrevenom 
PLA,. (A) Van der Waal's surtice showing 
the dkyl substitutnts of the phosphdipld 
prwudingfromthes+(d)andsur- 
rodingrecnbymiducsthatfbnnthe 
"mouthn of the hydrophobic channel 
[Leu(vd)2, M, Tyr6,W, and Trpl9l 
and by residues that have been shown to 
be [Tyr(Trp)3 and Trpl91 or arc vcry 
likely to be [Lyd and Arg311 part ofthe 
intcrfici;ll bding surtice. The non-lllryl 
inhibitor elements are colored bluc. (B) A 
skeletal representation of (A); the primvy 
calijum ion is shown in yellow. (C and D) 
Bee-venom PLA,. (C) Van der Waal's 
surfrecolorcodcdasabowexceptthat 
the residues ofthe mouth ofthe channel 
and the interfad b i i  s w f k  (grrcn) 
aresurmisedfiomthcirpfoximitytothe 
lllryl~bsdtuentsorthecnymcsu~or 
boch [Ilel, Tyr3, Cys9, Hisll, Thr56, 
Arg57, Leu59, Val83, Me&, Tyr87, and 
Ile911. (D) A skeletal rrpresplation pf 
(C);theprimarycalciummssharmm 
ydlow. 
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phospholipids. The basal activity is to bind and digest lamellar and 
micellar aggregates of phospholipids. Activity against monomeric 
dispersed phospholipid would be a rare cellular event and consti- 
tutes a nearly irrelevant laboratory event. 

Clearly, our crystals of the inhibited enzyme do not represent a 
true interfacial complex; indeed, it is unlikely that a crystal can be 
grown of a PLA,-condensed substrate complex that would be 
sufficiently well ordered to reveal catalytic details. However, for 
reasons to be developed below, we believe that our transition-state 
analogue complexes present a structure that gives a fresh insight into 
the mechanism of interfacial lipolysis. 

A commonly held view is that interfacial binding induces a 
favorable allosteric transition in the protein: the structural evidence 
argues against this. First of all, high-resolution crystal structures of 
PLA, have shown that the catalytic surface is exactlv the same, - 
regardless of the degree of evolutionary divergence, state of oligo- 
merization, ionic strength, or pH of the crystallization conditions. 
Second, if one compares the G o  representauons of the active site in 
the asymmetric unit of the inhibited form of the N .  n atra enzyme 
and that seen in the crystalline complex with the bee-venom enzyme, 
the catalytic machinery and the portions of the inhibitor that contact 
the catalytic surface are essentially the same. It is extremely unlikely 
that there could be three identical arrangements in three different 
crystalline environments (one involving a widely divergent evolu- 
tionary homologue) unless that arrangement represented the most 
stable, and therefore the optimal, interaction between the transition 
state and the enzyme. Comparison of the uninhibited form of the N .  
n atra enzyme with either of its two transition-state analogue 
complexes in the crystalline asymmetric unit shows that the protein 
backbone and primary calcium site are virtually superimposable. If 
the structure of the transition-state inhibitor represents the optimal 
productive mode of binding, then no conformational changes are 
required of the protein backbone or its primary calcium site to 
achieve this optimal mode. 

Third, three of the four water molecules consistently found bound 
to the catalytic surface in all refined, high-resolution crystal struc- 
tures of uninhibited PLA, are displaced by 0 atoms of the transi- 
tion-state analogue with perfect preservation of the pentagonal 
bipyramidal coordination of the calcium ion (25). The perfect 
stereochemical match suggests that this is a feature designed to 
optimize the enzyme's true physiological role, namely, to stabilize 
the transition state during hydrolysis of phospholipids condensed in 
micellar or lamellar aggregates. Indeed, the thermodynamic advan- 
tages afforded by the displacement of these water molecules (dis- 
cussed above) would appear to require a constant stereochemistry at 
the catalytic surface rather than an allosteric change. 

Of course, the interface could affect catalysis by altering the 
binding of substrate or cofactor. For example, it is possible that 
binding of the distal amino alcohol of the sn-3 phosphate is 
influenced by the presence of nearby substrate molecules or that the 
interface mediates formation of enzyme oligomers. Several kinetic 
studies are compatible with models in which PLA, forms dimers or 
higher order oligomers on the interface in order to exhibit full 
enzymatic activity (26). However, the role of enzyme aggregation is 
not obligatory since the same enzymes do not form oligomers on 
anionic vesicles during high levels of catalytic activity (27). In any 
case, there is nothing in our crystallographic work on the PLA,- 
diC8(2Ph)PE complexes to suggest how dimerization could en- 
hance activity. 

In the absence of allosteric modulation of the active site, how does 
interfacial binding "improve" the efficiency of PLA, catalysis? The 
crystal structures show that the catalytic event occurs on a rigid 
internal surface that is well shielded from bulk solvent. In our 
discussion of the hydrophobic channel and the interfacial recogni- 

Fig. 6. Schematic ren- 
dition of  a productive 
interaction between a 
PLA, and aggregated 
substrate. 

/ ~ i ~ i d  bilayer' ( ) ' ' 

tion surface we suggest that the phospholipid molecule undergoing 
hydrolysis leaves the aggregate and reaches this catalytic surface by 
facilitated diffusion through a hydrophobic channel whose opening 
is in the interfacial binding surface (Fig. 6). Two factors facilitate 
this diffusion and optimize catalysis. First, the conformation of the 
substrate seen in the complexes is similar to that seen in crystalline 
aggregates (22) as well as that inferred by nuclear magnetic reso- 
nance experiments on phospholipids in micelles (28). This suggests 
that significant deformation is not required to achieve substrate 
transfer to the productive-mode binding site. In essence, the enzyme 
has evolved a mechanism for specificity that selects for the confor- 
mation imposed upon the phospholipid by the aggregate (7, 29, 30) 
and only substrates that can follow this access route are properly 
positioned for catalysis. This view is compatible with studies with 
covalently constrained substrates which indicate that substrate ag- 
gregation imposes on the phospholipid the conformation required 
for full susceptibility to PLA, action (7, 29). Thus it is the 
substrate's conformation that is influenced by phospholipid aggre- 
gation, rather than the enzyme's structure. Second, we visualize that 
because of the "seal" provided by interfacial binding, the transfer of 
substrate into the active site through the hydrophobic channel can 
occur without solvation of the hydrophobic alkyl substituents (Fig. 
6). In addition to no torsional strains, there are also no solvation 
effects to raise the free energy during the transfer of the phospho- 
lipid from the aggregate to its binding site. 

Thus the crystal structures suggest an isostructural, desolvated, 
and presumably isoenergetic transfer of phospholipid from the 
substrate aggregate to the catalytic surface through a hydrophobic 
channel whose opening is bound to the lipid-water interface. This 
access mode is required for optimal enzymatic action and can only 
occur at the interface. Soluble and dispersed phospholipids cannot 
exploit these features. 

Note added in proo j  Since this paper was accepted, Thunnissen et 
al.  [Nature 347, 689 (1990)l have published a 2.4 A crystal 
structure of a complex containing a genetically modified form of 
porcine pancreatic PLA, and an sn-2 amide phospholipid analogue. 
The interactions of the calcium ion with the sn-3 phosphate and the 
sn-2 carbonyl, as well as the orientation of the sn-1 and sn-2 alkyl 
substituents, are consistent with those of the diC8(2Ph)PE deriva- 
tives discussed here. However, the trans planar amide is accommo- 
dated by forming a hydrogen bond between the amide NH and the 
N61 of His48. This interaction may explain the unusually strong 
&ity of this competitive inhibitor, but-as the authors state-it 
does not clarify the mechanism. 
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