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ABSTRACT

As part of an ongoing study of crotalid venom phospholipases A2, the amino

acid sequence Las been determined for the enzyme from western diamondback rat-

tlesnake, C.ko.a2wS CCX. The C. tttitOX phospholipase sequence shows strong homol-

ogy to that of the enzyme from the venom of the eastern diamondback rattlesnake

(Cto.tiw3 adarntxn.tEw3) determined earlier in our laboratory [Heinrikson, R.L.,

Krueger, E.T. and Keim, P.S., J. Biol. Chem. (1977) 252, 4913]. In fact, the

C. a.ttox phospholipase A2 differs in only six amino acid substitutions from C.
adwnan.teit6 a and in five substitutions from the B form. The fact that all of

the substitutions involving ionizable residues lead to increased negative charge
in C. attox phospholipase A2 accounts for the observed chromatographic and

electrophoretic properties of the enzyme as contrasted with those of the C.
adwr2euA a and 0 forms. The single methionyl residue at position 10 in the C.
a.tAOx phospholipase A2 has been alkylated at pH 2.6 by reaction with a 50-fold
molar excess of iodoacetsmide. The resulting derivative was separated from
unmodified enzyme by ion-exchange chromatography and, like the native phospho-
lipase, is a fully active diner. Cleavage with cyanogen bromide at Met-ID

yields two fraaments, an amino-terminal decapeptide and a 112-residue C-terminal

fragment which contains all of the seven disulfide bonds in the native molecule.

Neither the individual fragments, nor a reconstituted mixture of the two showed

enzyme activity. These findings are discussed relative to those obtained in
studies of enzymes from several sources in an attempt to elucidate structure-
function and evolutionary relationships among phospholipases A2 in general.

INTRODUCTION
There exists in nature a variety of phospholipases, each specific for the

hydrolysis of a particular acyl or phosphodiester bond in the phospolipid mole-

cule. The specificities of phospholipases A1, A2, C and D are indicated in

Fig. 1; phospholipases B, or lysophospilolipases can degrade further the products
of hydrolysis with enzymes A, or A')'

Because of their relative abundance in mammalian pancreas and in the venoms
of snakes and arthropods, phospholirases A2 (EC 3.1.1.4) have been studied in
* Supported by predoctoral Training Grant 5T32 HL-7237 from the United States
Public Health Service.
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Fig. 1. Specificities of phospholipases in the cleavage of the acyl and phos-
phodiester bonds of a phospholipid.

greatest detail. These heat-stable, esterolytic enzymes catalyze the selective,

calcium-dependent hydrolysis of the 2-acy]. groups in 3-sn-phosphoglycer±des

(Fig. 1). Phospholipases A2 play a central role in lipid metabolism
1

and have

been applied in probing the structural organization of phospholipids in mem-

branes2 and in lipoproteins.
3 Since the liberated C-2 acyl substituent may

serve as a precursor for prostaglandins and thromboxanes,4'5 phospholipases A2
may be involved in processes of thrombosis. Moreover, since these enzymes act

at solution-micelle interfaces they serve as useful models for studying hetero-

geneous catalysis
6
and lipid-protein interactions in general.

Phospholipases A2
have been the subject of extensive structural investiga-

tion. Complete amino acid sequences have been reported for the enzyme from

porcine,
7

equine,
8
and bovine9 pancreas, from honeybee venom, 10' and from the

venoms of numerous reptiles.
12-20

With the exception of the honeybee enzyme,

all of these phospholipases show strong sequence homology.
20 Venom phospnoli-

pases A2 appear to be secreted as the active enzyme, perhaps in the presence of

an inhibitor.21'22 The pancreatic enzymes, however, are secreted as very weakly

active zymogens (prophospholipases)with a seven residue extension at tne N-

terminus that is removed during activation by trypsin. Phospholipases A2
are

relatively small (about 125 amino acid residues) and highly cross-linked with

6 to 7 disulfide bridges. Some venom enzymes have been shown to exist as stable

diners in solution.
23,24

The three-dimensional structures determined by X-ray

crystallography have been reported for prophospholipase A2 from porcine pan-

creas
25

and for the bovine pancreatic phospholipase A2.26 These structures have
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been useful in interpreting the many results obtained by chemical modification

of the phospholipases A2.
In the present article, we describe our recent studies regarding the primary

structural analysis and chemical modification of the venom phospholipase A2 from

Cjta.&iA a.tjtox (western diamondback rattlesnake). These findings are considered

within the context of our current understanding of structure-function and evolu-

tionary relationships among phospholipeses A2 in general.

STRUCTURAL ANALYSES

Primary structure

An earlier report from this laboratory
20 described the sequence analysis of

phospholipase A2-a from the venom of C/WtaLu.4 adamaLfl.teLL4 (eastern diamondback

rattlesnake). The 'enom of this reptile contains two active forms of the

enzyme, a and , which are chromatographicaily and electrophoretically distinct,
27

but which are nevertheless indistinguishable in terms of specific enzyme

activity, molecular weight, and amino acid composition.
19,27 Our studies of

the 6 form of the enzyme indicate that it differs from a only in the amidation

state of a single residue, Gin 117, which is Glu in phospholipase A2-8.
Because of general interest in the crystallographic and kinetic properties

of C. attoz venom phospholipase A2 and our interest in homology relationships,

we initiated sequence studies of this enzyme based upon strategies utilized with

the C. adaznaJ.teu4 phospholipases A2: To summarize briefly, our approach to the

sequence analysis was based primarily upon automated Edman degradation of in-

tact reduced and alkylated enzyme and of large fragments obtained therefrom by

cleavage with cyanogen bromide and trypsin. Tryptic digestion was restricted

to the 4 arginyl residues in the chain by prior citraconylation of lysyl amino

groups in the protein derivative. A detailed description of fragment purifi-
cation and analysis has been reported for C. ddaniaittc.u4 phospholipase A2-a;

20

essentially the same results were obtained in the determination of the C. at/Lox

enzyme sequence. The complete amino acid sequence of C. &&&X venom phospholi-

pase A2 is given in Fig. 2. It differs from C. a.drnCjtt¬u4 A2-a in six substitu-

tions (residues 12, 14, 35, 56, 74, and 117), four of which lead to an increase

in negative charge in the C. o.tJto enzyme (Lys-14 to Giy-l4; Arg-35 to Leu-35;
Asn-56 to Asp-56; and Gin-ill to Giu-1l7). Since the C. aJJtox enzyme has a Glu

at 117, .t differs in only 5 positions from C. adanant¬u4 A2-6. The sequence

analyses of C. cfJtox and C. adam ten4 a and B phospholipases A2 have thus

revealed charge characteristics in accord with the behavior of these enzymes
during separation procedures by ion-exchange chromatography

27 and polyacryla-
inide gel electrophoresis. 19,27
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Fig. 2. The amino acid sequence of phospholipase A2 from the venom of C. ctttox.

Peptide designations are as defined in an earlier publication concerning the

sequence analysis of the enzyme for C. tdamaiitews venom.
20

To date, complete amino acid sequences have been reported for about 20 phos-

pholipases A2 including those from three mammalian pancreatic sources,
7-9

and

for snake venom enzymes from several elapids,12
16 from a. hydrophid,28 from a

viper, &<tL4 gabon-Lca17 and from three crotalids including two rattlesnake

species (20 and the present work), and*the Japanese water moccasin, Agk..t,&odo,t

haLy b&iriho.U.18 The comparative analysis of representative phospholipase

A2 sequences from the four categories, i.e., pancreatic, elapid (Noja melaiw-

Ljjt), viperid (8. gaboniia) and crotalid (C. cdojna.tzw and A. ha.Lu4 bLornho-

was the subject of relatively lengthy discourse in a recent publication

from our laboratory-.2° The sequence of phospholipase A2 from a member of the

Hyditophii1a (sea snakes), LafJcriuda	 macia.ta., determined recently by Tamiya

et al.28 provide a fifth category for comparison (Fig. 3) so that we now have

phospholipase A2 sequences representative of all four classes of venomous rep-

tiles (Fig. 4). Several important points have emerged from these comparisons.

1. The sequence of these phospholipases A2
are all very similar and are

clearly homologous, with minimum base changes per codon (mbc/c) ranging from

0.05 to 0.95 (Table 1). Striking identities occur in most of the half-cystine,






TABLE 1

SEQUENCE SIMILARITY MATRIX FOR PHOSPHOLIPASES A2 FROM VARIOUS SOURCES

C. otaoX C. odoavt A. hays
beornhoA.L 8. gabonL N. mJ.1noeuCa L. ma.Laa

C. adwnaptu 0.05

A. haty4
beo1ho

0.28 0.31

8. gbort2ca 0.71 0.69 0.62

N. 1ano.tuo. 0.86 0.88 0.81 0.85

L. 6e,nLa4c2a.ta 0.83 0.81 0.77 0.72 0.53

Bovine pancreas 0.88 0.88 0.89 0.95 0.65 0.70

a
sequences are aligned as shown in Fig. 3. The values shown are the minimum number of nucleotide base changes
per codon for each comparison (cf. reference 63 for details).

0
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Fig. 3. Comparison of sequences for phospholipases A2 from bovine pancreas and

from the venoms of the elapid 11. mthtnofifttc.a DE-II, the hydrophid, L.

	

ct6c.-
a.tti, the viper B. gaLbonicix and the crotalid C. atto. Gaps are introduced to
provide proper alignment of half-cystine residues and the greatest homology.
Also included are segments of the sequence of phospholipase A-I! from the cr0-
talid A. hatçj bomhoi, including sequence analysis of the intact chain per-
formed in our laboratory. These segments are enclosed in b1utCLet.6 to designate
that they are taken from regions of the molecule other than as published origi-

nally.
8 Residues invariant in all proteins are capitalized and residues at any

position which occur in more than one enzyme sequence are enclosed in boz¬4.

and in many of the Gly and Asp positions as well as in apparently invariant

lengths of sequence such as Tyr-Gly-Cys-Tyr-Cys-Gly-(-) -Gly-Gly-(-) -Gly-

(-) -Pro- (residues 24-36); Cys-Cys-(-)-(----)-His-Asp-(-)-CyS-Tyr (residues

43-51); and Cys- (-) -Cys-Asp- (-)-(-) -Ala-Ala- (-) -Cys-Phe (residues 86-96).

The high conservation in the latter three stretches of sequence would strongly

imply some functional involvement, i not directly in catalysis, then in sub-
strate binding or maintenance of the active site conformation. We have already
commented20 on the fact that the sequence of the phospholipase A2 (A II) from

A. 1w2y. b1omlw6U venom reported by Samejima et al. is shows little homology
to the structures depicted in Fig. 3. The partial structure for this enzyme

given in Fig. 3 is based, in part, upon our own sequence analysis of the A. haLy
bom1tcU protein

29 and some fragments from the published sequence
18 which

have been realigned on the basis of homology.

2. Perhaps even more interesting than the sequence similarities were the

differences observed. These differences led to our classification20 of phospho

lipases A2 into two groups (Fig. 3). Group I comprises the enzymes from elapid
and sea snake venom and pancreatic sources while crotalid and viperid venom

phospholipases A2 are classified in Group II. The basis for this classification

is emphasized by the residues enclosed in boxes in Fig. 3. Moreover, Group I

enzymes have a disulfide bond at 11-69 and a loop of structure between residues

52 and 53 (Fig. 3) not seen in Group II phospholipases. The latter enzymes

appear to have a unique insertion of Asx-Asn at 98-99, but their most inter-

esting feature is an extension of 6 or 7 residues at the C-terminus of the poly-

peptide. This extension terminates with Cys-122, a half-cystine residue unique
to the Group II phospholipases. The only other residue of this kind is Cys-49
and, presumably, Cys 122 and Cys 49 are bonded in disulfide linkage. As will

be mentioned later, His 47 has been implicated in catalysis and the close prox-

imity of the C-terminal extension to this region of the enzyme might play some

role in modulating the function of Group II phospholipases.
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3. Finally, the results obtained from the sequence comparisons are in

accord with phylogenetic relationships inferred from morphology. Hydrophids
and elapids are considered to be more primitive than the vipers which have

evolved a more complex venom secreting apparatus and hinged fangs. Vipers are,

in turn, regarded as the progenitors of pit vipers (crotalids) which possess

heat-sensitive facial pits in addition to the other features characteristic of

vipers. Rattlesnakes, with their distinctive terminal appendage, represent the

most highly evolved of venomous snakes. The tree presented in Fig. 4 was con-

structed from chemical information (Table 1) and is qualitatively the same as

that published by Brattstrom,30 who reported taxonomy of species within the

Vipe.&J4c and C/LOaVda. A sequence similarity matrix for phospholipases A2
from C. cttk.Ox and C. 1darna1vtezth (pit vipers with rattles), A. haLy bLomkoi
(pit viper), . gtlbonJc.a. (viper), N. nJio1¬iie.a (cobra, eiapid), L. 4ensc-
ata sea snake, hydrophid) and bovine pancreas is presented in Table 1 based upon

sequences given in Fig. 3. Values of mbc/c less than 1.00 demonstrate the

strong homology among all these enzymes. The rattlesnake phospholipases are

clearly very similar to one another and, as expected, bear a relationship of

decreasing similarity to enzymes from, respectively, another pit viper, a viper,
and phospholipases from the hydrophid, the elapid and a pancreatic source.

I PROTEROGLYPHt SOLE0G' YPHL 1
(fized f, ft°

N. no4e Codamonteus
7 cotcoz

c9
I CR0TALIDl
I)_

NYOROPHIOAE
(sea snake$)

VIPERIDAE
(Old World)

COLU9RIDAE
(tea thirds of the wo.ids
smite populat.on molly
flOfl-zCflOmOUS)

Fig. 4. Evolutionary relationships among elapid, viperid and crotalid venomous
snakes as deduced from sequence analysis of venom phospho1ipass A2.
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Similarly, and in agreement with the taxonomy based upon morphology, one could

easily classify the elapids and hydrophids together based upon the sequence

similarity observed between their venom phospholipases (Fig. 4). This is all

very satisfying in terms of reptilian evolution, but when one calculates the

mbc/c in a comparison between the sequences of phospholipases from cobra venom

and bovine pancreas, a value of 0.65 is obtained (Table 1). Therefore, one

might be led to the amusing conclusion that cobras are more closely related to

cows than to rattlesnakes! These findings suggest that although the elapid

venom and pancreatic phospholipases A2
have undergone parallel divergent evolu-

tion from the ancestral enzyme, their sequences have not diverged as much from

the progenitor as have those of the enzymes from the vipers and crotalids. The

more pronounced sequence changes in the Group II phospholipases may reflect some

as yet unknown functional attribute of these enzymes. It was of interest to

determine whether the rattlesnake with a Group II venom phospholipase might

possess a Group I pancreatic enzyme. Analysis of rattlesnake pancreas homogen-

ates failed to detect the presence of phospholipase A2 activity; it may be that

the digestive function is satisfied by the action of the venom enzyme subse-

quent to envenomation.

It should be noted at this juncture that the covalent structure of another

phospholipase A2, that from honey bee (Ap4 mc	 Lct), has been determined.
10,11

It is an enzyme similar in size to those represented in Fig. 3 but is other-

wise considerably different. The A. mcL4c,x enzyme sequence shown in Fig. 5

shows strong homology to the corresponding region of the Group I phospholi-

pases. It would seem highly unlikely, therefore, that the honey bee enzyme is

an example of convergent evolution to a similar phospholipase A, function and

we are inclined to believe that this enzyme, too, bears a divergent genetic

relationship to those in Fig. 3.

Tertiary structure

Two X-ray crystallographic studies of phospholipases A2
have been reported

recently, both from the laboratory of Dr. Jan Drenth in the Netherlands. The

first, that of the proenzyme from porcine pancreas,
25 was fraught with techni-

cal difficulties related to the quality of the crystals and diffraction pattern
and the fact that the rather poor map was interpreted relative to a covalent

structure which has since been revised-31 More recently, the three-dimensional

structure of the active enzyme from bovine pancreas has been reported as deter-

mined at 2.4 A resolution.
26

Stereo diagrams of two views of the molecule are

given in Figs. 6 and 7. It should be pointed out that the disulfide bond
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10

20

Fig. 5. The amino acid sequence of honey bee venom phospholipase A2 showing the

positions of four disulfide bridges. Taken from Shipolini et al. 11 with	 per-
mission.

	

-

assignments in proteins with such a high degree of cross-linking are extremely

difficult to determine chemically. Certainly one of the important contributions

of the bovine enzyme X-ray analysis was the placement of all seven disulfide

bridges in the molecule.

The bovine pancreatic phospholipase molecule is composed of about 50% e-

helix (A), followed by a random coil conformation from 14 to 40. One of the

two long antiparallel o-helices (C) extends from 40 to 58 and the other (E) com-

prises residues 90 to 108. These form the backbone of the molecule and could

be quite rigid relative to one another due to their attachment by two disulfide

bridges. Antiparallel 8 strands are found between residues 74 to 78 and 80 to

85. It is noteworthy that the disulfide bond betweer. Cys 11 and Cys 77 (11 to

69 in Fig. 3) is missing in Group II phospholipases. A salt bridge may serve

this function in the crotalid enzymes since 11 is a Lys and 69 is a Glu (Fig. 3).

It also would appear that the Group II phospholipase C-terminal extension of 6

to 7 residues making disulfide bond connection with the half-cystine at 49

(numbering in Fig. 3) could be easily accommodated. It will be of interest in

this regard to examine the tertiary structure of C. o.tkcx phospholipase 2
cur-

rently under analysis in the laboratory of Dr. Paul Sigler at the University of

60		70
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Fig. 6. Stereo diagram showing the C-atcins and disulfide bridges of the

	

26bovine pancreatic phospholipase A2 molecule. Reproduced from Dijkstra et al.,
with permission.

Chicago.	 Unlike the pancreatic phospholipases A2 which are monomeric, the

rattlesnake venom enzymes appear to be isolated and functional as diners and,
in the case of the C. adamanteiL6 enzyme, the diner has a	 2.0 x 109M.24 The

structural analysis of C. .tkox phospholipase A2 at 5 A resolution reveals a

diner in the asymmetric unit32 so it would appear that the chemically identical

monomer chains do not exist in identical conformations in the dimer crystal.
The question as to whether phospholipases are functional as monomers or diners

(or both) will be addressed in a later section of this paper.
With this background of structural information relative to the sequence and

conformation of the phospholipases A2 we will proceed to examine and interpret
results accumulated by other lines of investigation concerning the function of

these enzymes. Implicit in these discussions is the assumption that the enzymes

represented in Fig. 3 share a similar tertiary structure. Indeed, as pointed
out by Oi)kstra et al. 26 it is easy to accommodate the sequences of homologous
phospholipases A2 into the bovine enzyme structure since the positions of

insertions and deletions are always at the enzyme surface.
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Fig. 7. Stereo diagram showing C°-carbon atoms of bovine pancreatic phospholi-
pase A2. The molecule is rotated by 90° about the vertical axis with respect

to Fig. 6. Reproduced from Dijkstra et al..,26 with permission.

STUDIES OF PI!OSPHOLIPASE A2 FUNCTION

Although the catalytic mechanism of phospholipase A2 hydrolysis remains to

be elucidated, some information is available relative to substrate specificity,

the nature of the catalytic site, and a region of the molecule that appears to

be involved with the recognition of organized lipid-water interfaces. it

might at first seem surprising that with so much detailed structural information

in hand for the phospholipases A2, we have only a rudimentary understanding of

their mechanism of action. If one considers the well-characterized family of

pancreatic serine proteases, however, it will be recalled that the essential

features of the mechanism had been correctly deduced by kinetic analysis, prior

to determination of the covalent or tertiary structures. In the case of the

phospholipases A2, kinetic studies have been hampered by the fact that the

water-soluble enzymes are most efficient in the cleavage of substrates that are

insoluble in aqueous media. The enzyme assays employed in many laboratories

either do not lend themselves readily to kinetic interpretation or are difficult

to manipulate experimentally. Chemical modification studies of hospho1ipases
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A2 must be interpreted with special care. Loss of activity attending modifi-

cation of a particular functionality in any given enzyme could be due to the

usual reasons, e.g., loss of the ability to bind or cleave the phospholipid

substrate or structural alterations in native conformation unrelated to the sub-

strate catalytic or binding sites (hereafter referred to as the active site).

However, phospholipases A2 possess, in addition, some means of recognizing, and

modulating their catalytic efficiency with respect to, organized lipid-water

interfaces. The residues or mechanisms involved in this interaction must be

taken into account when assessing the results of any functional studies of phos-

pholipases A2. Nevertheless, kinetic analysis, chemical modification studies,

comparative sequence analysis and various approaches based upon spectroscopic

methods have provided results that can be considered relative to the structural

information given in the section on structural analysis.

Substrate requirements

All naturally occurring glycerophosphatides are substrates for phospholi-

pases A2, regardless of the nature of the polar headgroup (R3 in Fig. 1). These

enzymes may vary considerably, however, in their preference for particular sub-

strates depending upon whether the polar hedgroup is choline, ethanolamine or

serine. One of the requirements of substrates is that the acyl bond cleaved be

on the carbon atom of the glycerol backbone that is adjacent to the carbon

bearing the phosphate (or electronegative) group. For example, substrates with

the fatty acyl substituents at positions 1 and 3, and the phosphodiester at

position 2 are readily cleaved by phospholipases A2
to yield a 3-acyl-2-sn-phos-

phoglyceride and fatty acid. 33 Thus, specificity is not necessarily displayed

toward ester bonds with secondary alcohols. Phospholipases A2 are highly

stereospecific for 3-sn-phosphoglycerides (e.g., L-lecithins); the stereoiso-

meric 1-sn analogs (D-lecithins) are pure competitive inhibitors which bind

with equal affinity to the enzyme but are not hydrolyzed. The electronegative

group may be phosphate or sulfate
34

but it must possess at least one acidic

hydroxyl group ionization. Therefore, a negative charge in the polar headgroup

is an essential requirement of phospholipases A2 substrates. Other pure com-

petitive inhibitors in addition to D-lecithins include lysolecithin and L-

lecithi.ns in which the
R2 (Fig. 1) ester bond is replaced by an amide or ether

linkage or in which R2 itself contains bulky substituents.

Phospholipase A2--interface
interaction

Most naturally occurring phosphoglycerides form emulsions composed of par-

ticles of varying size because of the presence of two aliphatic side chains of
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14 to 18 carbon atoms. However, phosphoglycerides with shorter sidechains are

distinctly soluble due to a reduced hydrophobicity. They yield monomers at low

concentrations and micelles at higher concentrations exceeding the critical

micelle concentration (CMC). One of the dramatic properties of phospholipases

A2
that is shared with pancreatic lipases and perhaps other enzymes that func-

tion in heterogeneous catalysis is that although they are somewhat active

toward monomeric substrates, an exponential increase in activity is observed as

the substrate reaches and exceeds its CMC. This phenomenon is exemplified by

the curves given in Fig. 835 which describe the substrate concentration depen-

dency of the rate of hydrolysis of 1, 2-diheptanoyl-sn-glycero-3-phosphorylcho-

line by porcine pancreatic phospholipase A2 (a) and its zymogen (b).	 The

reactions appear to obey normal Michaelis-Menten kinetics in the concentration

range below the CMC, indicating hydrolysis of monomers at low	 However, as

the substrate aggregates to form micelles, the rate increases exponentially to

a Vmax
3-4 orders of magnitude higher than that observed in the monomer range.

The zymogen, although moderately active, does not appear to recognize this

structural transition in the substrate. A number of recent studies have attemp-

ted to explain 'interface activation", and to determine whether it results

from an enhanced reactivity of the substrate upon aggregation, or from an

activation of the enzyme by a lipid-water interface.

40

35

30

- 25

' 20
"41

...
15

10

I
/

(4)

I
2		3

Fig. 8. Concentration dependency of
rate of hydrolysis of l,2-dihetanoyl-
sn-glycero-3-phosphorylchol.ine (L-DHpL)
by porcine pancreatic phospholipase A2
(a) and its zymogen (b). Taken from

Pieterson et al. 35 with permission.
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Enhanced substrate reactivity

Several hypotheses have been proposed which implicate enhanced substrate

reactivity as an explanation for interface activation. According to Brockerhoff

and Jansen,36 the hydration state of the substrate is a key factor regulating

the rate of hydrolysis of lipolytic enzymes. The more soluble the substrate,

the thicker the water shell surrounding the ester groups, and the lower the

enzymatic activity. For the case of pancreatic lipase, Brocknan et al.
37

showed

that hydrolysis of a soluble substrate was increased 103-fold by the addition of

siliconized glass beads. They proposed that the high local concentration of

substrate molecules near the active sites of adsorbed enzyme molecules could

account for interface activation. This hypothesis would imply that V
Max

for

the hydrolysis of a monomeric substrate should be identical to that of the same

substrate in aggregated form. However, the V
Rex

for aggregated substrates has

been shown to be higher than that for monomers with lipase
38

and phospholipase35
39

from porcine pancreas. Furthermore, Chapus et al. showed that deacylation of

the monoacyl derivative of lipase, an intermediate in the catalytic mechanism,

was accelerated by adsorption to siliconized glass beads in the absence of sub-

strate. They concluded that, in addition to the substrate concentration effect

proposed by Brocknan et al.,
37 the catalytic properties of the enzyme were

enhanced upon adsorption.

Enhanced catalytic activity--interfacial recognition site

A model emphasizing the regulation of enzyme catalysis by lipid water inter-

faces has been proposed by Dr. Gerard de Haas and coworkers at the State Uni-

versity of Utrecht in The Netherlands.
33

Their interfacial recognition site

(IRS) hypothesis is based upon studies of pancreatic phospholipases A2 and their

zymogens. This system is nicely suited for chemical modification studies

because reactions can be carried out on the zymogen and the functional conse-

quences can be assessed prior to and following activation by tryptic cleavage

of the Arg7-Ala8 bond in the zymogen. The IRS is defined as an exposed three-

dimensional region of the enzyme involved in the formation of the enzyme-

interface complex. This site is lacking in the zymogen and is induced following

activation by trypsin. It is composed of residues 1-8 in the active enzyme,

i.e., (Ala-Leu-Trp-Gln-Phe-Arg-Ser-Met-I and Tyr-69 (the Tyr preceding position

63 in Fig. 3), and is assumed to be topographically and functionally distinct

from the active site. It is proposed that this region penetrates lipid water

interfaces and anchors the er.zyme. This process is facilitated by negative

charges in the interface.

The IRS hypothesis is based upon a number of elegant chemical modification
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studies. The importance of the o-amino group of Ala-i has been indicated by the

pH-dependency of the enzyme-micelle interaction. This interaction is controlled

in the absence of Ca'		by a group of pK = 8.4 identified as the
x&3.40

As

the Ca
++

ion concentration is increased, both the pK of the a_NH3+ group and the

pH above which the enzyme fails to bind to the interface appear to shift from

8.4 to 9.3. Slotboon et al.4' attribute this effect to Ca			 binding to a low

affinity site close to Trp-3. Pieterson et al.
35

proposed that induction of the

IRS was consequent to the formation of a stabilizing salt bridge between the

newly liberated	 }j	 group of Ala-i and a buried carboxylate group. Several

specific chemical alterations in the N-terminal region of porcine pancreatic

phospholipase A2 have been described by Slotboom and de Haas
42

all of which

point to the importance of maintaining the spatial integrity of the charge on

the
a_NH3+.

Treatment of the proenzyme with methylacetimidate gave a fully c-

amidinated product which, upon hydrolysis with trypsin, yielded active c-

amidinated phospholipase A2 (NIPA). This derivative, AMPA, was then subjected

to numerous chemical alterations in structure. Derivatives of AMPA in which

Ala-i is replaced by dy or 8-Ala or in which 'rrp-3 is replaced by Phe are simi-

lar to ANPA in enzymatic activity and show enhanced rates in the presence of

micellar substrate.		 Chain shcrtening or elongation at the N terminus, blocking

the
u-NH3 group of Ala-l, and replacing L-Ala-l with D-Ala all yield proteins

which no longer show activity towards micellar substrates.			 Des-Ala-AMPA, Ala-

Ala-AMPA, and D-Ala-ANPA are, however, active to varying degrees on substrate

monoiayers40 which allow a change in the lipid packing density, but they show a

weaker capacity for interaction with the interface than AMPA. The zymogen and

the phospholipase A2 derivatives with a blocked aNN3 group are unable to

hydrolyze monolayers even at very low surface pressures.
33			

Specific iodination

of Tyr-6943 produces a protein that can hydrolyze monolayers at high surface

pressures where native phospholipase is no longer active.
44			

Thus, modifications

of residues in the so-called IRS can enhance, diminish, or completely abolish

the enzyme's ability to interact with interfaces.

The functional importance of the N terminal region has also been demonstrated

in studies of a Group II snake venom enzyme. Recently Huang and Law45 have

described the synthesis of a photolabile phosphatidylethanolamine (PE) analog

and its use in the inactivation of C. c2&ox phospholipase A2.
Irradiation of

the enzyme in the presence of the photolabile PE analog of the pure L-configura-

tion resulted in a modification restricted primarily to the N-terminus and sub-

sequent analysis of the derivative showed that modification was within the first

10 residues. if racemic reagent was employed, another site of. reaction was

observed in addition to that described above, this being in the vicinity of the
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active site His-47. Thus it would appear, in agreement with studies mentioned

earlier, that the 0-reagent can bind, albeit nonproductively, to a region near

the active site. The difference in site modified may reflect this nonproductive

binding.
The methionyl residue at position 8 of the pancreatic enzyme appears to be

the limit of the IRS as defined thus far in the 14-terminal region. Carboxy-

methylation of this residue leads to complete inactivation of the enzyme towards

both monomer and aggregated substrate.46 Spectroscopic studies indicate that

the derivative still binds Ca and monomeric substrate with affinities equal
to those of native enzyme. It is appropriate to consider here experiments-car-

ried out in our laboratory that were designed to evaluate the possible func-

tional involvement of the single Met-10 in C. OJJLOX phospholipase A2. Carboxa-

midomethylation of this residue was accomplished by reaction of the native

enzyme (8 x 104M) with a 50-fold molar excess of iodoacetamide in 1% acetic

acid, pH 2.6, for 24 to 48 hours. The alkylated derivative was purified by ion-

exchange chromatography and was shown to be fully active both in bulk phase

and monolayer assay systems. Thus, conversion of the methionyl side chain at

10 to a positively charged sulfonium derivative has no apparent effect upon

enzyme activity. Reactions with iodoacetate, in agreement with the findings of

Wells47 gave no loss of activity during alkylation at pH 6.0 or 8.5. Incorpora-
tion of reagent was documented, however, and it would appear that Met-10 is the

primary site of reaction with these reagents over the whole pH range.
A further study undertaken in our laboratory involving Met-10 concerned the

isolation and assay of fragments generated by cleavage of the C. atiwz enzyme
with cyanogen bromide. Both the N-terminal decapeptide and the C-terminal frag-
ment of 112 residues were totally inactive in monolayer assays and activity was

not regenerated in mixtures of the separated fragments. Gel filtration of the -

C-terminal fragment in the concentration range l05-106M indicated that it was

monomeric and no longer possessed the dimeric character of the native enzyme.
Since the disulfide bridges and, presumably most of the native structure of the

enzyme are preserved in the C-terminal fragment, one must ascribe some functional

role to the N-terminal region of the C. d2PWX phospholipase A2. It is not clear
from the X-ray model (Figs. 6 and 7) which aspect of the enzyme function would

be most likely impaired by removal of the N-terminal 10 residues. The lack of

activity of the C-terminus could be due solely to its inability to dimerize

since it has been postulated that C. ttt&ox is only active as a diner; 24 alterna-

tively, this lack of activity could be attributed to the loss of the N-terminal

pert of the IRS. Velwerk48 speculates that the hydrophobic nature of the IRS

may be responsible for the dimerization of the snake venom enzymes.
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A complete model explaining the action of lipolytic enzymes must account for

three main steps in heterogeneous catalysis: 1) the binding or adsorption of

the enzyme to the interface, 2) interfacial activation or the ability of the

enzyme to hydrolyze aggregated substrates faster than monomeric substrates, and

3) catalysis proper. The IRS hypothesis for pancreatic phospholipase addresses
3

the first two steps. De Haas et al. assume that the IRS is a relatively hydro-

phobic domain at the surface of the enzyme which is stabilized by an internal

salt bridge involving the amino terminal group. However, the X-ray crystallo-

graphic analysis of the bovine pancreatic phospholipase2 failed to discern

such a salt bridge. Rather, it was shown that the a_NH3+ group of Ala-i is

located within H-bond distance of a water molecule possibly liganded to the

active site calcium ion. Moreover, the actual penetration and depenetration of

a lipid bi.layer by the enzyme would be likely to constitute an energetically

unfavorable situation. The IRS hypothesis also attributes interfacial activa-

tion to a conformational change after penetration of the IRS domain. Any con-

formational change in the enzyme resulting from interaction with an interface

which enhances catalytic efficiency by 3-4 orders of magnitude must involve

the active site proper. The IRS, rather than a distinct topographical region,

may be a portion of the active site. Such an interpretation would appear to be

consistent with the X-ray crystallographic model. Moreover, interfacial acti-

vation is probably a combination of effects on the enzyme and on the substrate.

In any case, several lines of evidence point to the functional involvement of

the N-terminal region in phospholipase catalyzed hydrolysis, and this continues

to be an important focus for future research concerning the enzyme mechanism.

Half-site reactivity and the functional diner hypothesis

In a study of the effects of a variety of reagents toward the activity of

C. adama.n.tew, phospholipase A2, Wells
47

found, among other things, that total

loss of activity was observed upon modification of one amino group per diner.

This observation was the first indication of a possible "half-site" reactivity

associated with phospholipases A2, and was not so surprising, perhaps, in view

of the fact that under the experimental conditions employed in. the modification,

the enzyme exists as a diner. Moreover, there is kinetic evidence that the

rattlesnake enzymes are functional onLy as diners. 24 A more recent case of half

site reactivity has been reported by Roberts et al.
49

for the phospholipase A2
from the venom of a cobra (Nja. naljL ntija). In this instance, nearly coiiplete

inactivation by p-bromphenacyl bromide was accomplished following the modifica-

tion of 0.5 residues of the lone histidine (presumably His-47) per monomer.

Although the N. ni.tja nja enzyme can dimerize at high concentrations, it is
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monomeric under the conditions employed for alkylation and assay. Therefore,

if the half-site reactivity is correct, the formation of an asymmetric diner

with nonequivalent histidines must be induced not only by substrate, but by the

reagent p-bromophenacyl bromide as well. Moreover, since no activity is regen-
erated following dilution of the inactive enzyme to monomer concentrations

prior to assay, one must assume that unmodified monomers have a much greater

affinity for alkylated monomers than for themselves. In the model put forth

by 1oberts et al.50 one phospholipase monomer binds Ca, and then to a phospho-

lipid at the interface. This binding causes a conformational change that leads

to dimerization to form the asymmetric diner with one catalytic subunit. If

this would be generally true for all phospholipases, then it would constitute an

alternative to the IRS hypothesis to explain the enzyme-interface interaction.

A recent publication by Zhelkovskii t al. 51 reports that inactivation of the

venom phospholipase from N. flljO. OJ9.flii results from modification of 0.5 mole

of aspartic acid per monomer chain, a findinq that would serve to reinforce the

half-site reactivity model. However, it must be stressed that the half-site

reactivity reported for the N. IIZZJa najtt phospholipase A2 has not been observed

for other Group I enzymes including the pancreatic phospholipases52 (always seen

as monomers) and two elapid venom enzymes, notexir., from N. CLLta.tU4 4cu.t&.tu414

and the phospholipase from N. n.Lg'tkoULs,53 all of which were inactivated by

p-bromophenacyl bromide only when His-47 was oiaJiy alkylated. Similar results

have been reported for the Group II phospholipase A2 from B. gtbovv4ca.54 At

present, therefore, the question as to whether phospholipases A2 are generally,
or necessarily, active as monomers or diners remains unresolved and the case for

the diner hypothesis rests upon evidence from studies of the N. naj.a raJ49'50
23,24,47and crotalid phospholipases A2.	 The enzyme from C. a.tkOx as dameric in

solution at concentrations as low as l00M, is apparently active only as a

diner,24 and crystallizes as a diner in the asymmetric unit.32 The complete

tertiary structural analysis of this protein may reveal some important insights

regarding the possible function of phospholipases A2 as diners.

The active site

Initially, it was believed by many that the phospholipases A2 might be typical
serine esterases and that their mechanism would, therefore, involve formation of

an intermediate acyl enzyme. Although 0-acyl cleavage during the course of

hydrolysis has been documented by Wells,55 no evidence for an acyl enzyme inter-
mediate could be demonstrated. Organophosphorus compounds have generally been

found to have no inhibitory effect on phospholipases A247 and the observation

that diisopropylphosphofluoridate inhibits the C. a.tOX -venom enzyme
56 must be
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considered highly questionable. One of the strongest arguments against the

direct participation of a serine in catalysis is based upon the fact that com-

parative analysis of the sequences of 20 phospholipases A2 does not reveal the

existence of an invariant serine residue (Fig. 3).

Histidine is always a likely candidate as a component of the machinery
involved in hydrolytic catalysis and His-47 (Fig. 3) together with Asp-48 con-

stitutes an invariant couplet present in aLL phospholipases A2 sequened to date,

including that of the disparate honeybee enzyme (Fig. 5). In fact, alkylation
of His-47 by p-bromophenacyl bromide leads to inactivation of phospholipases A2.
These findings, first reported by Voiwerk et al. 52 in studies of porcine phos-

pholipase A2 and its zymogen, have been corroborated in studies of Group I phos-

pholipases A2 from 14. 4CttU.6 4a.U414 and N. nL1r2doLU653 venoms, and of a

Group II enzyme from B. g.lbon2Ca.54 Thus it is clear that the C-terminal exten-

sion on the Group II phospholipases does not necessarily exert an inhibitory
influence on the modification of His-47 by p-bromphenacyl bromide as we specu-
lated earlier. 20 Since neither iodoacetate nor iodoacetamide reacts with His-47

it would seem that the modification by the analogous p-brornophenacyl bromide is

facilitated in some way, perhaps by binding in a hydrophobic pocket. Both Ca

ions and competitive inhibitors such as 0-lecithin protect both the porcine

enzyme and its zymogen from inactivation. These findings from the work of
Voiwerk, et al.52 suggest that the molecular architectures of the porcine

phospholipase A2 and its zymogen are essentially the sane and that the active

site is largely preexistant within the zymogen.
Many chemical modification studies have been undertaken in attempts to assess

the possible functional involvement of side chains other than that of His-47.

The possible involvement of Trp-30 (numbering in Fig. 3) in the active site of

B. abotLca was inferred from its selective modification during inactivation by
N-bromosuccinimide.57 Substrate protection studies suggested that Trp-30 is
involved in substrate binding. We earlier20 questioned this interpretation
since position 30 is the only variable residue within a highly invariant sequence
in phospholipases A2 (residues 24 to 32, Fig. 3). Our suggestion that inacti-
vation could have been due to a structural perturbation within this highly con-

served sequence appears to have been borne out by x-ray crystallographic anal-

ysis
26 which indicates binding of the essential Ca to the peptide backbone in

this region.

Comparative sequence analysis provides another approach to the identifica-

tion of residues that are essential for the proper structure and function of

proteins. When the number of sequences compared is large, as is the case for
the phospholipases A2, conservation of residues at particular positions
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constitutes strong evidence for some kind of functional requirement and serves
as a basis for testing by chemical modification. Inspection of invariant resi-
dues among the nearly 20 phospholipase A2 sequences determined to date (Fig. 3)
reveals two hydrophobic sidechains within the proposed IRS (Phe-4 and Ile-9),
Pro-36, and numerous residues of tyrosine (positions 24, 27, 51, 66, !and 103),

glycine (residues 25, 29, 31, 32, and 34), aspartate (residues 38, 41, 48, and

89) and half-cystine (positions 26, 28, 43, 44, 50, 75, 86, 88, 95 nd 115).	 -
It was mentioned earlier that disulfide assignments were established largely

26
by crystallographic analysis and it might be useful here to note the pairings
relative to the alignments in Fig. 3: 11-69, 26-115, 28-44, 43-95, 4-l22, 50-88,
57-81, and 75-86. Invariance of half-cystine residues is the rule among homolo-

gous proteins. The high conservation of Gly and Pro residues could be due to
the requirement in proteins such as these which are highly constrained by disul-
fide cross-links of maintaining certain bend structures in which Gly and Pro
are prominent.

Tyrosyl and aspartyl residues could be functionally as well as structurally
essential., Tyrosine modifications performed with C. ddaflIcLn.tLQ phospho].ipase

A247 did not appear to alter enzyme activity significantly. Recently, our

laboratory has attempted to assess the role of carboxyl groups in phospholipase

A2 activity by chemical modification studies. Preliminary results indicate that
reaction of the enzyme from C. cJLkox venom with a carbodiimide-nucleophile
reagent under mild conditions leads to loss of activity. The enzyme was treated
with l-ethyl-3-(3-dimeth'lamino-propyl)-carbodiimide.RCl (EDC) and taurine at

pH 6.5. Loss of activity was correlated with taurine incorporation and an

analysis of inactivation kinetics implied the presence of at least one essential

carboxyl group. These findings are consistent with chemical modification
studies which employed a carboxyl group-specific diazo compound.

58
Phospholi-

pose A2 from Raja ,uzja othzntz venom was reacted with N-diazoacetyl-N'-(2,4-
dinitrophenyl)ethylenediam.ine, leading to complete loss of activity and incor-
poration of only one-half mole of substituent per mole of enzyme monomer.51

Aspartic acid was identified as the site of modification.
Chemical modification of the amino groups in phospholipases A2 appears almost

always to be accompanied by inactivation of the enzyme; unfortunately the resi-
dues modified have usually not been identified. The alignments in Fig. 3 reveal
no lysyl residues invariant among all phospholipases A2. The experiments of
Slotboom and deHaas42 cited earlier demonstrated that all of the c-amino groups
can be amidinated in an active derivative of porcine pancreatic phospholipase

A2 as long as the *-amino group of Ala-i is unaltered. Of course, amidination
preserves the charge in the vicinity of the C-amino groups, so that their
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structural or functional, involvement may not be impaired. We have found that

citraconylation of the C. at&ox phospholipase A2 inactivates the enzyme and

that complete reactivation occurs upon exposure of the derivative to acidic
conditions. This may offer a useful means of partially and reversibly opening
up the native structure in probing the functional consequences of other modes
of derivitization. wells47 reported inactivation of C. adwil v&L6 phospholipase

A2 with ethoxyformic anhydride by modification of one amino group per diner.
His assumption that the reaction had occurred at an c-amino group was based upon
the incorrect notion that the a-amino group was blocked and therefore it may
well be that inactivation followed acylation of Ser-l. Conservation of Lys or

positive charge is observed at residues 11, 35, 42, 53, 60 and 90 in Group II

enzymes. The inactivation of 8. gabonLc4 phospholipase A2 by incorporation of
one mole of pyridoxal phosphate per mole of enzyme

54 is especially interesting
in this regard because four sites of modification, i.e., II, 35, 60 and 114,
were documented. Since these modified residues occur at positions that appear
to be far removed from the catalytic site it must be that they each are important
in perhaps different ways in maintaining enzyme structure or contact with the
interface. At the present time, however, there exists no evidence for direct
implication of an c-amino group in the catalytic function.

Proposed mechanisms

Although several hypotheses have been put forth to explain the phospholipase

A2 mechanism, most have been based upon an incomplete or incorrect understanding
of the residues involved directly in catalysis. Therefore, we consider here only
those proposed recently through inspection of primary and tertiary structures
and chemical modification data. The tertiary structural analysis of bovine pan-
creatic phospholipase A226 shows that His-47 is in the middle of one of the long
central u-helices and that it is in a cavity at the molecular surface. Two

carboxyl groups, one from Asp-48 and one from Asp-89, point towards the imida-
zole side chain from above and below, respectively. Some electron density
attributed to Ca" is in the vicinity of His-47 and Asp-89, and the phenolic
group of Tyr-5l is in contact with this density. All four residues mentioned
above are invariant among structures given in Fig. 3, but only His-47 and Asp-
48 are observed in the bee venom phospholipase A2 (Fig. 5).

A mechanism based in part upon the structural analysis of porcine prophospho-
lipase and in part upon consideration of known esterase mechanisms was suggested
by Drenth et al. 25 in which Asp-48 is the nucleophile, His-47 serves a stabil-

izing role similar to that of the amide NH groups in the serine proteinases,
and Tyr-27 is the proton donor. Although specific modified residues were not
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identified, Wells
47

showed that tyrosine modifications did not significantly

alter the activity of C. adan V&L6 phospholipase A2,
and the replacement of

Tyr-27 with a Trp residue in the honeybee enzyme would argue against direct

participation of a phenolic side chain in catalysis. Drenth et al.
25

proposed

that Arg-90 could be involved in binding the phosphate moiety of the substrate,

a function that could be fulfilled by Lys-90 in the Group II enzymes and by

His-l09 in the bee venom phospholipase (Fig. 5). However, there is not strict.

conservation of a positive charge at this position (Fig. 3). As of now, none

of these speculations is supported by evidence from chemical modification

studies.

An intriguing mechanism proposed recently by Drenth59 based upon the bovine

pancreatic structure (Figs. 6 and 7) is that a His---Asp couple reminiscent of

that seen in the seine proteases might exist in phospholipases between Asp-89

and His-47. In this model, Ser-l95 is replaced by H20 as the nucleophile and

calcium ion is liganded through interactions with Asp-48 and the carbonyl groups

of the peptide bonds joining residues 30 through 32. A calcium binding site

so defined would correlate nicely with the observed inactivation by modification

of Trp-3057 and the spectral perturbations of tryptophan accompanying Ca	 bind-

ing to C. adamaivtejL6 phospholipase A2.6° However, it is noteworthy that in an

earlier study,
26

the Ca-ion was reported to be bound in the vicinity of Asp-89.

Limited comparison of the bovine phospholipase A2 sequence in this vicinity

with the sequences of Ca
++

ion binding sites in other proteins indicates simi-

larities. For example, the sequence Asp-Arg-Asn-Ala (residues 89-92) in bovine

phospholipase A2 is identical to a tetrapeptide region in Ca
4

binding site III
" .	 6].in rabbit skeletal muscle troponin C	 and nearly identical to the sequence

Asp-Lys-Asn-Ala in site III of bovine cardiac troponin C.62 Since, at the time

of this writing the various catalytic components, including the enzyme side-

chains, substrate and Ca' have not been plaed definitively with respect to

one another, it is an intriguing possibility that Asp-89 not Asp-48 is the site

of Ca	 binding. Although arguments based upon entropic considerations might

be raised against water as the nucleophile, it could well be that the
H20

molecule involved is ordered through interactions with the nearby Ca-Asp-48

complex. In any event, these various proposed mechanisms provide interesting

subjects of investigation for evaluation by independent experimental approaches.

CONCLUDING REMARKS

It is clear that, despite an abundance of information concerning the primary
and tertiary structures of a considerable number of phospholipases A2, much

remains to be done in clarifying the enzyme mechanism. X-ray crystallographic
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analysis
64

has provided a structural framework for interpreting results from

solution studies and, in general, a satisfying agreement exists between the

structural model and functional predictions based upon kinetic analysis and

chemical modification. Nevertheless, it would be very useful to examine models

derived from crystallographic analysis of enzyme complexes with substrates or

inhibitors. Assessment should be made of the possible participation in cataly-

sis of aspartyl residues either by general carboxyl-labeling methods or by the
-	 48

development or chromocenic substrates		and/or poor substrates that might permit

study of intermediate steps or kinetic analysis at low temperatures. Elucida-

tion of the enzyme mechanism is certainly a top priority area of research.	

The question must be resolved as to whether the requirement of a

dimeric structure in the activity of certain phospholipases A2
is 1) correct,

2) applies to just these select proteins, or 3) is a property of phospholipases

A2
in general. Unifying concepts are always sought after in science and in the

case of these enzymes it is tempting to suppose that, because of the strong

structural homology which they all shars, they will all function essentially

the same. Yet, it is known that phospholipases A2 may or may not have toxic or

anti-coagulant activities in addition to their esterase function. This multiple

activity is, at present, impossible to predict based upon comparative sequence

analysis and yet these functions must be coded within the primary structure.

And so it is not unreasonable to imagine that different phospholipases A2 will

provide unique solutions to the ultimate confrontation with the interface whether

it be through an interfacial recognition site or via the generation of an asym-

metric diner with a binding subunit.
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