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The complete amino acid sequence of Crotalas adaman- 
teas venom phospholipase A,-cu has been determined by 
analysis of the five tryptic peptides from the citraconylated, 
reduced, and S-[14Clcarboxamidomethylated enzyme. Ear- 
lier studies (Tsao, F. H. C., Keim, P. S.. and Heinrikson, R. 
L. (19’75) Arch. Biochem. Biophys. 167, 706) provided the 
information necessary to align the tryptic fragments so that 
secondary cleavage procedures to establish overlaps were 
unnecessary. The subunit in the phospholipase AZ-~ dimer is 
a single polypeptide chain containing 122 amino acids and 
seven disulfide bonds. The histidine residue implicated in 
the active site of mammalian phospholipases is at position 
47 in the C. adamanteus enzyme and is located in a domain 
of the molecule which is highly homologous in sequence 
with corresponding regions of phospholipases from a variety 
of venom and pancreatic sources. Comparative sequence 
analysis has revealed insights with regard to the function 
and evolution of phospholipases AZ. Primary structural rela- 
tionships observed among the snake venom enzymes parallel 
the phylogenetic classification of the venomous reptiles 
from which they were derived. It is proposed that phospholi- 
pases A, of this general type be divided into two groups 
depending upon the presence or absence of distinctive struc- 
tural features elucidated in this study. 

Phospholipases A, (EC 3.1.1.4) are heat-stable, esterolytic 
enzymes widely distributed in nature which catalyze the selec- 
tive hydrolysis of the 2-acyl groups in sn-3-phosphoglycerides 
(1). These enzymes play a central role in lipid metabolism and 
have found important application as probes of structure-func- 
tion relationships in biological membranes (2) and lipoproteins 
(3) and in studies of heterogeneous catalysis (4). 

At the present time complete amino acid sequences have 
been reported for phospholipases A2 from porcine (5) and 
equine (6) pancreas, from honey bee venom (7,8), and from the 
venoms of numerous snakes including several species of cobras 
(g-121, the Australian tiger snake (13), the gaboon adder (14), 
and the Japanese water moccasin (15). All of the phospholi- 
pases, with the exception of those from the honey bee and 
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and by Grant BMS-75-23506 from the National Science Foundation. 

$ To whom all correspondence should be addressed. 

Japanese water moccasin, exhibit strong sequence homology. 
Comparative sequence analyses (11, 12, 14, 16) have revealed 
high conservation of disuliide bond placement and domains of 
sequence thought to be of functional importance in these en- 
zymes. 

Some time ago we initiated the primary structural analysis 
of phospholipase At-a from the venom of the eastern diamond- 
back rattlesnake (Crotalus adamanteus). The venom of this 
reptile contains two active forms of phospholipase A,, Q and /3 
(17), which are chromatographically and electrophoretically 
distinct, but which are otherwise indistinguishable by such 
criteria as specific enzyme activity, molecular weight. and 
amino acid composition (16, 17). Phospholipase AZ-a is active 
as a dimer of subunits approximately 14,000 in molecular 
weight (18, 19) and an earlier report from our laboratory 
presented chemical evidence that the monomers are identical 
(16). Also included in that paper was the sequence of the 54 
NH,-terminal residues in the enzyme subunit elucidated by 
automated Edman degradation of both intact reduced and 
carboxymethylated phospholipase A2-a. and the large COOH- 
terminal cyanogen bromide fragment produced therefrom by 
cleavage at Met-lo. 

The present communication describes the complete amino 
acid sequence analysis of C. adamanteus phospholipase A,-cx 
as determined by experimental strategies based upon our 
earlier findings (16). The enzyme monomer is a polypeptide of 
122 amino acids containing seven intrachain disulfide bonds. 
Comparison of the sequence of C. adamanteus phospholipase 
A.+ with those of enzymes from other venom sources (10, 14, 
15) and from equine pancreas (6) has prompted our classifica- 
tion of phospholipases A, of this type into two groups according 
to distinctive structural determinants. Group I is comprised of 
phospholipases from elapid and pancreatic sources; enzymes 
from crotalids and vipers have been placed in Group II. The 
most distinguishing characteristic of Group II phospholipases 
is the presence of a negatively charged COOH-terminal seg- 
ment which, we propose, is maintained in proximity to the 
active site by a disulfide bond. Our comparative sequence 
analysis has provided a basis for discussion of the structure, 
function, and evolution of phospholipases. 

EXPERIMENTAL PROCEDURES 

Materials - Lyophilized venom from Crotalus adamanteus was 
purchased from the Miami Serpentarium Laboratories, Miami, Fla. 
Phospholipases AZ-o: and -p were isolated from this material both by 
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the procedure of Wells and Hanahan (171 and by a modification 
thereof developed recently by Wells (20). Yields of the phospholi- 
pases from 5 g of venom were roughly 100 mg of the a enzyme and 60 
mg of the p form, independent of the preparative method employed. 
Homogeneity of the phospholipases A,-a and -p was established by 
specific enzyme activity, polyacrylamide gel electrophoresis, amino 
acid analysis, and NH,-terminal sequence analysis by automated 
Edman degradation (161. 

Chymotrypsin (code CDS-BCC) and trypsin (code TRTPCK- 
33M945) were purchased from Worthington Biochemical Corp., Free- 
hold, N.J. Thermolysin was obtained from Calbiochem. Los Angeles, 
Calif., and carboxypeptidase Y was purified from yeast as described 
by Hayashi et al. (21). 

Iodoacetamide was purchased from Eastman Kodak Co., Roches- 
ter, N. Y., and iodoll-“Clacetamide (specific radioactivity, 49 mCi/ 
mmol) was the product of Amersham/Searle Corp., Arlington 
Heights, Ill. N-Ethylmorpholine was distilled over ninhydrin (1 g/ 
liter). Phenylisothiocyanate, N,N-dimethylallylamine, anhydrous 
heptafluorobutyric acid, benzene, ethyl acetate, and butyl chloride 
were highly purified reagents from Beckman Instruments, Palo 
Alto, Calif., for use in automated Edman degradation. Reagents 
employed for the manual Edman procedure were Sequanal TM 
Grade chemicals from Pierce Chemical Co., Rockford, Ill., which also 
supplied N,O-bis(trimethylsilyl)-trifluoroacetamide for silylation of 
phenylthiohydantoin derivatives. Hydroiodic acid (57.7%, contain- 
ing hypophosphorus acid as preservative) was purchased from Fisher 
Chemical Co., Pittsburgh, Pa., and citraconic anhydride was from 
Aldrich Chemical Co., Milwaukee, Wise. Fluorescamine (I-phenyl- 
spirolfuran-2(3H), l’-phthalanl-3,3’-dionel was the product of Roche 
Diagnostics, Nutley, N. J. Sephadex was obtained from Pharmacia 
Fine Chemicals, Piscataway, N. J. All other reagents were of the 
purest grade commercially available. 

S-Alkylation and Citraconylation of Phospholipase A,a- Phos- 
pholipase AZ-a was dialyzed extensively against distilled water and 
lyophilized. A sample of the protein (100 mg, 7.2 pmol of monomeric 
enzyme) was dissolved in 10 ml of 0.2 M N-ethylmorpholine acetate, 
pH 8.6, containing 6 M guanidinium chloride and 3 mM EDTA and 
the solution was deaerated for 5 min under a gentle stream of 
nitrogen. /3-Mercaptoethanol (100 ~1, 1.41 mmoll was added to the 
solution under a nitrogen barrier and the vessel was tightly sealed 
and placed in a bath at 50” for 1 h. The solution was cooled to room 
temperature and 2.0 ml of a solution containing 270 mg of iodoll- 
“Clacetamide (1.45 mmol; specific radioactivity = 87,000 cpm/Fmoll 
in 0.2 M N-ethylmorpholine acetate, pH 8.8, was added under a 
blanket of nitrogen. The vessel was sealed and placed in the dark for 
20 min. Excess reagent was consumed by the addition of 20 ~1 of p- 
mercaptoethanol and the solution of S-114C1carboxamidomethylated 
protein was placed in a vessel fitted with a magnetic stirring bar and 
a combination electrode from a pH meter. Citraconic anhydride was 
added in five 50-~1 portions to the rapidly stirred protein solution 
and the pH was maintained at about 8.5 by the dropwise addition of 2 
M NaOH. When the pH had stabilized at 8.5, the solution was added 
to a column (3 x 60 cm) of Sephadex G-25 (superfine) eluted with 0.1 
M N-ethylmorpholine acetate, pH 8.8. The citraconylated, S- 
l’4C1carboxamidomethylated phospholipase AZ-a solution, thus freed 
of nonvolatile salts and reaction by-products, was lyophilized and 
stored as such at 4”. Amino acid analysis and radioactivity measure- 
ments revealed 14 residues of S-alkylated cysteine/enzyme mon- 
omer. The single methionine residue in the subunit also appeared to 
have undergone significant alkylation by the iodoacetamide, as evi- 
denced by relatively low recovery upon amino acid analysis and by 
subsequent peptide analysis. 

Enzymic Hydrolysis - Trypsin was employed in the hydrolysis of 
citraconylated protein and of peptides derived therefrom following 
decitraconylation of lysyl residues. Amino groups were regenerated 
by exposure of the citraconylated peptides to 5% formic acid at 25” for 
4 h. Tryptic digestion mixtures contained 5 to 10 mg of protein or 
peptide substrate and 1% by weight of trypsin per ml of 0.2 M N- 
ethylmorpholine acetate buffer, pH 8.0. Hydrolysis was allowed to 
proceed for 3 to 4 h at 37”. after which time the peptide products were 
partially or completely resolved by gel filtration. Digestion of pep- 
tides with chymotrypsin and thermolysin was performed in a similar 
fashion, except that in the latter case the buffer solution contained 
10 mM CaCl*. 

Purification of Peptides-The first step in the fractionation of 
peptides from a particular digest was, invariably, gel filtration on 
Sephadex columns of varying pore size. Hydrolysis mixtures at pH 
8.0 were applied directly to the Sephadex column and the peptides 

were eluted with 0.1 M NH,HCO,. Effluent fractions were monitored 
spectrophotometrically for peptide content by the absorbance of the 
solutions at 280 and 230 nm. Radioactive peptides were detected by 
counting representative portions of each fraction in a Nuclear Chi- 
cago Isocap/300 liquid scintillation system. Fractions containing 
peptides were pooled and lyophilized repeatedly to remove NH,HCO,. 
Citraconylated peptides were treated with acid as described above in 
order to regenerate the free amino groups, and the solutions were 
lyophilized. These fractions were then analyzed for homogeneity by 
automated Edman degradation or by high voltage paper electropho- 
resis. The Edman procedure was performed on samples (50 to 100 
nmol) of fractions containing large peptides the purity of which was 
difficult to assess by paper methods. High voltage paper electropho- 
resis was carried out at pH 2.1 (0.61 N formic acid) or at pH 6.5 
(pyridine:glacial acetic acid:water, 25:1:2251. Samples containing 10 
to 20 nmol of peptide(s1 were applied to sheets of Whatman No. 1 
chromatography paper (46 x 57 cm1 and electrophoresis was per- 
formed at 3000 V for 45 min (52 V/cm1 in a Savant system (model HV 
5000 A power supply, model LT48 tank). Electrophoretograms were 
dried and stained either with ninhydrin (22) or with fluorescamine 
(231. Peptides detected by the latter procedure were eluted from the 
paper with 6 N HCl, hydrolyzed, and analyzed for amino acid con- 
tent. Those fractions completely purified by gel filtration alone were 
subjected directly to amino acid analysis and sequence analysis. 
Fractions containing several peptide components were purified by 
preparative-scale paper electrophoresis at pH 2.1. Peptides were 
eluted from the paper with 5% formic acid, yields ranged from 30 to 
50%. 

Amino Acid Analysis - Amino acid compositional data were ob- 
tained by automated ion exchange chromatography on a single col- 
umn according to the general procedures of Spackman et al. (241 with 
a Durrum D-500 analyzer. Analyses of the various peptides were 
performed on samples hydrolyzed in 6 N HCl for 24 h at 112” in uacuo. 
Special precautions were observed in the procedure to ensure the 
highest possible yield of carboxymethylcysteine (251. As in earlier 
work, the quantitation obtained in these analyses served as a refer- 
ence for the precise determination of polypeptide concentrations in 
samples subjected to automated Edman degradation. Tryptophan 
analyses were performed on samples hydrolyzed with methanesul- 
fonic acid (26). Hydrolyses of phenylthiohydantoin derivatives to 
yield the parent amino acids were performed in HI as described by 
Smithies et al. (27). 

Sequence Analysis-Automated Edman degradation (28-301 was 
performed in a Beckman Protein-Peptide Sequencer (model 8900. 
All runs were made with the “new improved” peptide program No. 
102974 of the manufacturer, characterized by a volatile coupling 
buffer containing N,N-dimethylallylamine, longer drying times, and 
changes which minimize extractive losses of peptides. The phenyl- 
thiohydantoins liberated aRer each cycle were identified and quanti- 
tated as such or as the trimethylsilyl derivatives by gas chromatog- 
raphy (311 on a Beckman GC-65 unit. Alternatively, the residues 
liberated were converted back to the parent amino acid or derivative 
thereof by hydrolysis in HI (271, and the resultant amino acids were 
identified on the amino acid analyzer. In some instances, assign- 
ments made by these quantitative procedures were confirmed by 
thin layer chromatography (321 of the phenylthiohydantoins on 
plates of silica gel (Eastman 13181 with fluorescent indicator). A 
ninhydrin spray reagent for color differentiation of various phenyl- 
thiohydantoins (33) was also employed for selected samples. 

Manual Edman degradation was performed according to the sem- 
imicro adaptation of Peterson et al. (341 and the liberated residues 
were identified as described above. The positions of S- 
[‘4Clcarboxyamidomethylcysteine residues were assigned both by 
gas chromatography and radioactivity measurements. 

COOH-terminal sequences were established by the kinetics and 
stoichiometry of release of residues during digestion with carboxy- 
peptidase Y at 37”. Hydrolysis mixtures contained 100 to 200 nmol of 
peptide substrate and 1% by weight of the exopeptidase in 1 ml of 0.1 
M pyridine acetate buffer, pH 5.5. Aliquots (200 ~1) were removed at 
various times and analyzed for amino acids as described earlier (35). 

Peptide Nomenclature - Peptides isolated from trypsin digests of 
citraconylated, S-[14Clcarboxamidomethylated phospholipase AZ-a 
are designated Tc followed by an arabic numeral indicating their 
relative location in the polypeptide chain. For example, Tel is the 
peptide comprising residues from the NH, terminus through the 1st 
arginine in sequence. Tryptic peptides from decitraconylated Tc3 are 
symbolized by Tc3-T followed by arabic numerals specifying their 
alignment in the parent fragment. In a similar fashion, chymotryp- 
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tic and thermolytic peptides from Tc fragments are designated with ic 

the prefixes Cht and Th, respectively. 
” N-Ser-Leu-VoI-Gln-Phs-Glu-Thr-Lsu-Ile-Met-Lys-Val-Aia-Lys-~~-~-~~~-T~-T~- * ““3d’+ +iz;+4-+ 

I5 20 
Residue numbers appearing in boldface type refer to sequence 

positions in the phospholipase A*-a molecule in order to distinguish 
them from residues in peptide fragments. Carboxamidomethylcys- 
teine residues are designated Cys in peptide and protein sequences. 

All tables are included within a miniprint supplement’ to this 
communication; figures appearing in the supplement are starred 
(e.g. Fig. 2*) in Jrder to distinguish them from figures in the main 
text. 

TCZ-C”, 
is P 

~-~-~-Gly-Cy?l-Tyr-Cyr-Gly-Tr~~-~-~~-~ -Pm-Gin-%&a-Thr-As- 
xii----w 2 

44 
a- 

RESULTS 

The complete amino acid sequence of Crotalus adamanteus 

phospholipase A,+ is presented in Fig. 1, together with nota- 
tions indicating peptides of importance in establishing the 
structure. Since earlier work from our laboratory (16) had 
located 3 of the 5 arginine residues in the enzyme monomer, 
the strategy for completion of the sequence determination was 
based upon isolation and analysis of the tryptic peptides from 
citraconylated protein derivatives. These fragments (Tc) and 
peptides derived therefrom following decitraconylation by hy- 
drolysis with trypsin (T), chymotrypsin (Ch), and thermolysin 
(Th) are indicated in Fig. 1. Only those peptides crucial to the 
structural analysis either in terms of confirming sequences 
established by other approaches or in providing new informa- 
tion are included. 

Five Tc fragments were isolated from citraconylated, S- 
[14C]carboxamidomethylated phospholipase Ap-(Y by a combi- 
nation of gel filtration and high voltage paper electrophoresis. 
The structure of Tel had been reported earlier (16) and was 
confirmed in this study. Sequence analysis of Tc2 was per- 
formed on the intact fragment and on the COOH-terminal 
peptide produced from it by hydrolysis with chymotrypsin. 
Once again, the sequence reported herein was largely coniirm- 
atory of that published earlier (16). Tc3 was the largest of the 
Tc fragments and its structure was determined by isolation 
and analysis of peptides generated by tryptic hydrolysis of the 
decitraconylated material. Similar strategies were applied to 
the analysis of the penultimate fragment, Tc4, and the COOH- 
terminal hexapeptide, Tc5. Details with regard to the isolation 
and sequence analysis of the Tc fragments and peptides de- 
rived therefrom by digestion with various proteases are in- 
cluded in the miniprint supplement’ to this communication. 

During the course of this work, the same experimental 
procedures described above and in the supplement were ap- 
plied to the analysis of phospholipase A&. Although the 
complete sequence of p has yet to be determined, only one 
difference has been noted thus far relative to phospholipase 
AZ-a. The COOH-terminal peptide from 6, Tc5,, is more nega- 
tive by one full charge than that from (Y, although the composi- 
tions of the two are identical. Edman degradation of Tc5, 
(Table II) gave the same sequence found for Tc5, (Table IV) 
except that the NH&erminal residue (Glu-117 in the phospho- 
lipase sequence) is glutamic acid rather than glutamine. 

’ Some of the data are presented as a miniprint supplement imme- 
diately following this paper. Figs. l* to 5* and Tables I to VII are 
found on pp. 4920-4921. For the convenience of those who prefer to 
obtain the supplementary material in the form of 18 pages of full size 
photocopies, it is available as JBC Document Number 76M-1584. 
Orders should specify the title, authors, and reference to this paper, 
the JBC Document Number, and the number of copies desired. 
Orders should be addressed to The Journal of Biological Chemistry, 
9650 Rockville Pike, Bethesda, Md. 20014, and must be accompanied 
by a remittance to the order of the Journal in the amount of $2.70 per 
set of photocopies. 

FIG. 1. The amino acid sequence of Crotol~s aahmanteus venom 
phospholipase AZ-u. Peptides designated by arrows are those which 
were important in the structural determination. Full arrows point- 
ing to the right (+) indicate assignments based upon manual or 
automated Edman degradation of two or more different fragments 
containing the same sequence. - denotes sequences established by 
the manual Edman method and - denotes sequences obtained by 
automated Edman degradation alone. Half-arrows pointing to the 
left (-) indicate assignments based in part on hydrolysis with car- 
boxypeptidase Y. Details regarding the isolation and sequence anal- 
ysis of indicated peptides may be found in the miniprint supplement 
to this paper. 

DISCUSSION 

The strategy for completion of the sequence analysis of C. 
adamanteus venom phospholipase AT-a was based upon the 
isolation and analysis of peptides generated by tryptic hydrol- 
ysis of citraconylated protein derivatives. Prior analysis (16) 
had located 3 of the 5 arginines in the enzyme subunit so that 
the resultant Tc fragments could be aligned immediately in 
sequence. The structural analysis of these tryptic peptides was 
carried out by conventional means, the overall strategy being 
to obtain as much information as possible by automated Ed- 
man degradation of the large Tc fragments and then to resort 
to secondary cleavage procedures and manual Edman degra- 
dation in order to verify certain assignments and complete the 
structural analysis. The remarkable efficiency of the “new 
improved” Beckman peptide program 102974 should be empha- 
sized. As long as quantities of peptide in the range of 0.2 to 0.5 
pmol are available, one may well hope to obtain the entire 
sequence by automated Edman degradation with this pro- 
gram. Such was the case for peptides Tc2, T&T??, Tc3T3, Tc- 
4, and Tc51, (Table II) and we have obtained similar results 
with a variety of peptides from other protein sources. 

The amino acid sequence of the C. adamanteus phospholi- 
pase AZ-a monomer and the strategies employed in its deter- 
mination are illustrated in Fig. 1. The monomer is a single 
polypeptide of 122 amino acid residues and not 133 residues as 
predicted earlier on the basis of amino acid analysis (16). I f  the 
relative molar quantities given in the earlier publication are 
divided by 1.14, an analysis consistent with that from the 
sequence study is obtained except that estimations of carboxy- 
methylcysteine and tyrosine are low by 1 residue each. This is 
in keeping with the limits of error which we normally experi- 
ence in the quantitation of these ammo acids. 

Work thus far completed on the sequence of the p form of the 
enzyme has shown it to be identical to a except that phospholi- 
pase A,-/3 has glutamic acid, not glutamine, at residue 117. 
This structural difference is consistent with the observation 

 by guest on M
ay 25, 2018

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


4916 Sequence of C. adamanteus Venom Phospholipase AZ-a! 

that the p enzyme is more negatively charged than Q in 
chromatographic and electrophoretic systems (17). 

The earlier tentative conclusion (17) that the NH, terminus 
of C. adumanteus phospholipase A, is blocked is in error; 
serine is clearly the NH,-terminal residue in both the cx and /3 
forms of the enzyme (16). Moreover, our findings contradict 
those published for the COOH-terminal sequence. Wells (18) 
obtained the sequence Leu-Cys-Gly-Ser-COOH by digestion of 
the performic acid-oxidized enzyme with carboxypeptidase A. 
We attempted similar digestion of performic acid-oxidized, S- 
carboxymethylated, S-carboxamidomethylatd, and S-meth- 
ylated phospholipase AZ-o with both carboxypeptidases A and 
Y. No residues were released in any case, neither with the 
intact polypeptide nor with the COOH-terminal peptide, Tc5. 
It is not surprising that the terminal sequence reported 
herein, i.e. Pro-Glu-Pro-Cys-COOH, is refractive to digestion 
with carboxypeptidase A, but one would expect hydrolysis 
with carboxypeptidase Y to proceed (21). The failure to do so 
might be related to the presence of a cysteine derivative at the 
COOH terminus. Furthermore, it could be that the particular 
constellation of glutamates and prolines in this portion of the 
molecule generates a folding pattern, maintained even in the 
peptide Tc5, which prevents exopeptidase action. In any case, 
the sequence analysis of the COOH-terminal fragment Tc5 
was repeated many times by manual and automated Edman 
degradation of peptide samples from both (Y and p forms of the 
phospholipase. Leucine, serine, and glycine were absent in the 
compositional analysis of the purified peptide (Table I). 

Complete amino acid sequences have been reported for phos- 
pholipases A, from porcine (5) and equine (61 pancreas, from 
bee venom (81, and from the venoms of snakes from three of 
the major families of venomous reptiles. Representative mem- 
bers of the Elapidae for which phospholipase sequences are 
known include the cobra species Naja melanoleuca DE-I, DE- 
II (101, and DE-III (91, Naja nigricollis (111 and Hemachatus 
haemuchatus (121, and the Australian tiger snake Notechis 
scututus scutatus (13). The protein from the latter source, also 
called notexin, displays weak phospholipase activity but is a 
potent presynaptic neurotoxin and has a direct myotoxic effect 
(13). Only one complete sequence has been reported for a 
phospholipase A, from a member of the Viperidue, that being 
for the enzyme from the venom of the gaboon adder, Bitk 
gabonica (14). Similarly, the sequence published for phospho- 
lipase A-II from the Japanese water moccasin, Agkistrodon 
h.ulys blomhoffii (151, constituted the only example of an en- 
zyme from the Crotalidae prior to the work presented herein. 
Numerous comparisons of phospholipase structures have been 
made (11, 12, 14, 16) and, in every instance, the particular 
sequence or sequences of enzymes from one or two families of 
snakes have been compared to that of the phospholipase from 
porcine pancreas. Striking homologies, especially in the NH*- 
terminal portions of the molecules, have been well docu- 
mented. 

The comparison shown in Fig. 2 is unique in that a single 
venom phospholipase sequence has been selected from each of 
three major families of venomous snakes, i.e. the Elapidae (N. 

B. g&mica 
II c. adamanteus 

A. h&y6 blmhoffii 

Horse pancreas 
I N. melanoleuca 

B. gab&m 
II c. admnanteus 

A. halys blmhoffii 

I Horse pancreas 
N. melanoleuca 

B. gabonica 
II C. adamantem 

A. halys blomhoffii 

I Horse pancreas 
N. melmoleuca 

B. g&mica 
II c. admnanteus 

A. halys blomhoffii 

I Horse pancreas 
N. melcmoleuca 

B. gabonica 
II C. adammteus 

A. halys blomhoffii 

GLY-Arg-GLY-GLY 

Lys-Glu-Leu Ser Ser Cys Arg-Phe-Leu-Val&jAs”-Pro-Tyr Thr Glu-Ser-TYR-Lys-Phe Se 
Glu ys Ile Ser-Gl Cys TrpmTyr-Ile-Lys- -Gl” Se Cys Gln-GLY Thr Leu-Thr-Ser- 

~s,~.~~r-Vc+ 28;;; -SerFi:::?;;- 
Lys Met-Gly-Thr-Tyr Asp Thr Lys Trp-Thr- -Glu-Ile Gln-As” GLY-Gly Ile Asp- 

Lys Val Thr-Gly Cys Asx-Pro-Lys LeutAs_pf -Thr Glu-Glu-Asx GLY-Ala Ile-Val 
55 60 

CYS Ser Asl: Lys As” ASN-Ala Cys Glu Ala Phe Ile CYS As” CYS ASP Arg As”-ALA-ALA Ile CYS PHE-Ser- 
y Ala As” ASN-Lys C s Ala Ala Ser-Val CYS As CYS ASP Arg-Val ALA-ALA-Pm CYS PHE Ala 

1 pg,ASX$ ‘dj?/:iASPp ’ ;B ASP- ASI 

-Glu-ASP Pro Gin-Lys-Lys Glu Leu CYS Glu CYS ASP Arg-Val ALA-ALA Ile CYS PHE Ala ASN-ASN Ar 
Gly- ly- sp ASP Pro Cys Gly-Thr Gln-Ile CYS Glu CYS ASP Lys Ala-ALA-ALA Ile CYS PHE Arg ASP-ASN e 

75 80 85 90 9s 100 

FIG. 2. Comparison of sequences for phospholipases A, from crotalid Agkistrodon halys blomhoffii (15). These segments are en- 
equine pancreas (61, and from the venoms of the elapidNajo melono- closed in brackets to designate that they are taken from regions of 
leuca DE-II (101, the viper Bitis gabonica (141, and the crotalid the molecule other than as published originally (151. Residues invar- 
Crotalus adamanteus. Gaps are introduced to provide proper align- iant in all proteins, excluding amidation states, are capitalized and 
ment of half-cystine residues and the greatest homology. Also in- residues at any position which occur in more than one enzyme 
eluded are segments of the sequence of phospholipase A-II from the sequence are enclosed in boxes. 
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melanoleuca, DE-II), the Viperidae (B. gabonica), and the 
Crotalidae (C. adamanteus). These are compared to one an- 
other and to the sequence of the phospholipase A, from horse 
pancreas (6). It is clear from the recent structural analysis of 
the horse pancreatic enzyme (6) that the porcine enzyme se- 
quence published earlier (5) requires reinvestigation and that 
previous comparisons with the latter have been somewhat 
misleading. The comparative sequence analysis given in Fig. 2 
has provided insights in regard to disulfide bonding, the active 
site, and the evolutionary and structural classification of phos- 
pholipases. 

Before discussing the points alluded to above, brief mention 
must be made of the sequence reported by Samejima et al. (15) 
for the phospholipase A-II from A. halys blomhoffii. Either 
this enzyme represents an entirely distinct class of phospholi- 
pases which bears little relationship to those shown in Fig. 2, 
or else the published sequence is in serious error. Our align- 
ment of certain portions of the reported A. halys blomhoffi 

enzyme sequence shown in Fig. 2 has been based upon the 
strong homology with corresponding regions of the other phos- 
pholipase sequences. The 10 NH,-terminal residues have been 
rearranged according to arguments given in our earlier paper 
(16). Residues 24 to 29 are conserved in all reported phospholi- 
pase A, sequences except that from A. halys blomhoffii, where 
a serine was reported in a position corresponding to the invar- 
iant Cys-26 (Fig. 2). The sequence from residues 35 to 40 has 
been revised to fit those of the other proteins in this region. 
Samejima et al. (15) placed the highly conserved sequence 
from 43 to 53 at position 97 to 107. This is very unlikely on the 
basis of homology. Further examples could be given; indeed 
almost all of the A. halys blomhoffii fragments presented in 
Fig. 2 have been rearranged to fit the picture presented by the 
other phospholipases. When this is done, the degree of similar- 
ity of this enzyme with phospholipases from C. adamanteus 

and B . gabonica is especially striking. A sample of purified A. 
halys blomhoffii venom phospholipase A,-11 was recently pro- 
vided us by Dr. Michael A. Wells of the University of Arizona 
in Tucson. Automated Edman degradation of 0.5 pmol of the 
S-l’lC]carboxamidomethylated protein enabled us to identify 
the 30 NH,-terminal residues in the protein and to make 10 
additional assignments through residue 44.’ The sequence 
thus obtained is in complete agreement with our alignment in 
Fig. 2 and is, consequently, incompatible with the structure of 
Samejima et al. (15). Clearly, it is most important for future 
inferences with regard to comparative sequence studies that 
the structure of the A. halys blomhoffii phospholipase A-II be 
corrected. 

The comparison in Fig. 2 shows that 35 (29%) of the approxi- 
mately 120 residues in each representative phospholipase A, 
are identical. The Gln-Phe sequence at 4 and 5 and Ile-9 are 
conserved in all sequences. Residues 24 to 29. Tyr-Gly-Cys- 
Tyr-Cys-Gly-, represent the longest stretch of invariant se- 
quence. but other regions from 41 to 53 and 85 to 96 are highly 
conserved among these phospholipases. The glycines at 25,29, 
31.32. 34, and 71 and Pro-36, residues which endow the chain 
with unique folding properties, are invariant. Of the 8 tyro- 
sines in C. adamanteus phospholipase, 5 are invariant among 
all the enzymes and the remaining 3 are highly conserved. The 
invariance of aspartatelasparagine at residues 38, 41, 48, 79, 
89, and 104 is especially striking. Asparagine has been re- 
ported at 104 in all examples except the C. ao!amanteus en- 
zyme; special care was exercised in the analysis of this position 

2 R. L. Heinrikson, unpublished results. 

in the rattlesnake phospholipase and it is undoubtedly aspar- 
tic acid. It should be stressed that the invariant residues 
mentioned above occur in nearly all of the phospholipases of 
this type sequenced to date (9-14) as well as in the representa- 
tive structures compared in Fig. 2. 

In addition to the great similarities among the enzyme 
sequences, important differences were noted and these have 
prompted our classification of phospholipases A, into two 
groups, I and II (Fig. 2). Group I comprises the enzymes from 
Elapidae venom and mammalian pancreatic sources. Crotali- 
o!ue and Viperidae venom phospholipases are classified in 
Group II. Joubert (9) has already noted that the N. melano- 

leuca DE-II phospholipase sequence is more closely related to 
the porcine enzyme structure than to that of the adder, B. 

gabonicu. Indeed, when the DE-II sequence is compared to 
that of the horse pancreatic enzyme, the similarity of the 
mammalian and elapid phospholipases is even greater. The 
proposed classification into Groups I and II is based upon the 
following considerations. Group I enzymes contain half-cys- 
tine residues at 11 and 69 which are absent in Group II 
phospholipases. In contrast, Group II enzymes have half-cys- 
tines at 49 and 122 not present in Elapidae and pancreatic 
phospholipases. Comparing homologies, the B. gubonica and 
C. adamanteus enzymes in Group II have 61 identical residues 
and the pancreatic and N. melanoleuca DE-II phospholipases 
in Group I have 65 residues in common. The similarities in the 
respective groups are emphasized as shown in Fig. 2 by the 
fact that most of the residues enclosed in boxes are in one 
group or the other. Comparison of the N. melanoleuca phos- 
pholipase sequence with those ofB. gabonica and C. a&man- 

teus enzymes reveals 51 and 49 identities, respectively. In the 
regions in which we believe one can make valid comparisons, 
the C. a&mar&us phospholipase A,-a sequence is highly 
homologous to phospholipase A-II from A. halys blomhoffi, 

another crotalid. Of the NH,-terminal 18 residues in these 
enzymes, 14 are identical (78%) and 20 of the 25 residues (80%) 
are the same in the sequence from 53 to 79. We have recently 
completed the sequence analysis of the phospholipase A, from 
the western diamondback rattlesnake, Crotalus atrox,2 and 
have found only six differences from the C. adamanteus en- 
zyme in 122 residues (95%). Thus, enzymes from crotalid 
sources as well as those from elapids (11,121 show a high level 
of sequence homology. Moreover, the crotalid enzymes are 
significantly more similar to phospholipases from Viperidae 

snakes than to the elapid enzymes in Group I. 
Group I enzymes have a “loop” not seen in Group II phospho- 

lipases and this is found at residues 53 to 55 according to the 
pancreatic enzyme numbering shown in Fig. 2. This Glu-Ala- 
Glu- sequence has been noted in numerous elapid enzymes (11, 
12) and is present in the enzyme from N. nigricollis and 
notexin as Lys-Ala-Gly (11) and Glu-Ala-Gly (13). respec- 
tively. An insertion of 2 residues in Group II phospholipases is 
indicated by the Asp-Asn sequence at 98 and 99. However, the 
most significant structural element which distinguishes the 
two groups is the presence of a 6- to 7-residue tail in the Group 
II phospholipases that extends from residue 116 to 122. These 
COOH-terminal fragments from the Group II enzymes are 
negatively charged, those from crotalid sources have proline, 
and all terminate with a half-cystine residue. The Group II 
“tail” has been correctly aligned by others (12, 14) but its 
significance as a structurally distinct characteristic was not 
recognized earlier because some of the sequences compared 
were incorrect and not enough information relative to group II 
enzymes was previously available. To summarize briefly, the 
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classification of phospholipases into Groups I and II is based 
upon sequence homology, unique disulfide bonds, and the 
existence of characteristic structural elements, the most sig- 
nificant of which appears to be a COOH-terminal extension of 
6 or 7 residues in the Group II enzymes. 

These structural comparisons provide a basis for speculation 
regarding disulfide bond assignments, the active site, and 
residues implicated in the catalytic function of phospholipases. 
Many of the ideas thus derived have been confirmed by the x- 
ray crystallographic analysis of the porcine pancreatic pre- 
phospholipase recently published by Drenth et al. (36). This 
structural study has provided the conformation of the poly- 
peptide backbone, the pairing of disulfide bridges and the 
constellation of side chains in the vicinity of the active site and 
it seems reasonable to expect that many of these structural 
features will be found in all phospholipases. 

Location by chemical means of the disulfide bridges in phos- 
pholipases of the type shown in Fig. 2 has been a formidable 
task. The recent sequence analysis of the horse pancreatic 
phospholipase (6) suggested that the disultide bond assigr- 
ments in the porcine enzyme (37) must be reevaluated. It is 
clear from the x-ray analysis (36) that some of the previous 
assignments were, in fact, incorrect. All of the half-cystines 
representative of the Group I phospholipases in Fig. 2 have 
been paired by crystallographic analysis (36). Especially inter- 
esting in regard to our work are the pairings of Cys-11 with 
Cys-69 and Cys-57 with Cys-81. These assignments which 
have been made chemically (37) and by x-ray crystallography 
(36) are clearly predictable from our comparative analysis in 
Fig. 2. The new prediction which follows from our work is that 
the COOH-terminal half-cystine residue in the Group II phos- 
pholipases (Cys-122) is bonded to Cys-49, the only half-cystine 
residue which is unique to group II enzymes. In fact, we have 
shown that this linkage occurs either to Cys49 or Cys-50’ and 
the clear documentation (36,37) of the Cys-50-Cys-95 linkage 
would argue strongly in favor of a disulfide bond between Cys- 
49 and Cys-122. The existence of such a bond might be of 
importance in relation to the active site of the group II phos- 
pholipases. The high degree of conservation of structure in 
three regions comprising residues 24 to 34,41 to 53, and 85 to 
96 is suggestive of the functional importance of these domains 
either in the maintenance of the active enzyme conformation 
or in direct participation in catalysis. The disulfide pairings 
(36,371 assure the spatial proximity of these domains in all of 
the phospholipases and indeed, the active site has been shown 
to contain elements of all three regions (36). Thus, both group I 
and II enzymes share in common this highly conserved struc- 
tural matrix maintained by disulfide bonds. In addition, if our 
prediction of a linkage between half-cystines 49 and 122 is 
correct, this disulfide-bonded network in the Group II phos- 
pholipases would possess a fourth structural element consist- 
ing of the negatively charged COOH-terminal segment unique 
to these enzymes. The functional consequence of this tail 
segment is an open question. It has been well established (18, 
19,38) that phospholipases from C. adamanteus and C. atrox 
are active only as dimers, whereas the pancreatic enzymes 
appear to be functional in the monomeric state. Thus the 
COOH-terminal segment might be involved in the activity or 
stability of group II phospholipases as dimers, but there is a 
general tendency for enzymes in both groups to dimerize (39) 
and the activity of phospholipases as a function of their state of 
association has not been explored systematically in enzymes 
from a wide variety of sources. 

It is appropriate to- consider within this structural frame- 

work the location and types of residues that have been impli- 
cated in the enzymic activity. Volwerk et al. (40) reported 
inactivation of the porcine pancreatic enzyme by reaction of 
His47 with p-bromophenacyl bromide. Similar results were 
described by Eaker (11) for the reaction with notexin from the 
elapid N. scutatus scutatus. The presence of His47 in all 
phospholipases studied to date, including the disparate honey 
bee enzyme, and the location of this residue within a highly 
conserved sequence argue strongly in favor of its direct partici- 
pation either in catalysis or in ligand binding. However, simi- 
lar attempts to inactivate Group II phospholipases, i.e. those 
from C. adamanteus” and C. ah-ox,” have been unsuccessful. 
The failure to inactivate these group II enzymes by p-bromo- 
phenacyl bromide may be due to a modulatory effect of the tail 
segment which we propose is disultide bonded to Cys-49, a 
residue in close proximity to His-47 (36). However, a system- 
atic study of the effects of this reagent on phospholipases from 
Groups I and II has not as yet been made. 

It is generally agreed that a serine residue is not involved in 
phospholipase hydrolysis (cf. Ref. 41). This view is supported 
by our failure to observe any serine or threonine residue which 
is invariant; indeed, none occur within any of the highly 
conserved domains mentioned earlier. Tyrosines at 24,27, and 
51 occur in these regions, but acylation of tyrosine residues in 
C. adamanteus phospholipase with N-acetylimidazole has 
been reported to have no effect on enzymic activity (41). Wells 
(41) reported inactivation of C. adamanteus phospholipase by 
acylation of 1 lysineldimer and concluded that the modified 
lysine is involved in cation binding. From homology, it would 
appear that the most likely candidates would be Lys-53 or Lys- 
90. The latter possibility is especially intriguing in that the 
positive charge at that position is preserved in all of the 
phospholipases A, sequenced thus far and this residue is well 
within a highly invariant domain from 85 to 96. Moreover, the 
enzyme from bee venom contains Arg-102 (8) which appears to 
correspond to Lys-90, assuming a spatial proximity imposed by 
homologous disulfide bonds. 

In a recent study of the inactivation of phospholipase A, 
from B. gubonica, Viljoen et al. (42) concluded that Trp-30 is 
crucial to catalysis through its involvement in substrate bind- 
ing. Residue 30 is the only variable position within the domain 
from 24 through 32. Substitutions observed thus far at this site 
include a&nine (lo), leucine (6), and alanine (13). It therefore 
seems unlikely that Trp-30 plays an active, direct role in 
substrate binding, but that the loss of enzyme activity attend- 
ing its chemical modification is, instead, the result of a struc- 
tural perturbation within this highly invariant domain. The 
protection by substrate of its chemical modification provides 
further evidence that the domain from 24 to 32 constitutes part 
of the active site. 

In spite of the fact that the x-ray crystallographic analysis 
has provided a rather detailed view of the active site, the lack 
of chemical information regarding catalytically essential func- 
tionalities has prevented the elaboration thus far of an enzyme 
mechanism. Drenth et al. (36) have predicted a mechanism for 
phospholipases, analogous to those of other esterases, in which 
the nucleophile is a carboxyl group, the proton donor is a 
tyrosine side chain, and the stabilizer of the tetrahedral inter- 
mediate is an imidazole ring. The actual residues implicated 
are Asp-48, Tyr-27, and His-47 (Fig. 2), all of which are found 
within the highly conserved domains mentioned earlier. Evi- 

3 M. A. Wells, personal communication. 
4 K. S. Huang and J. H. Law, unpublished results. 
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dence based upon homology is entirely in support of the pro- 
posed involvement of His-47 and Asp-48; these residues are 
invariant in all of the phospholipases A, studied to date, 
including the honey bee enzyme. However, despite the fact 
that the phenol ring of Tyr-27 appears to be in the active site 
(36) the replacement of this residue by a tryptophan in the 
honey bee venom phospholipase would tend to argue against 
its direct participation in catalysis. It has been proposed that 
Arg-90 is essential for binding of the phosphate moiety of the 
substrate (36) and there exists a counterpart to this residue in 
the bee venom enzyme (Arg-102). Clearly, however, that func- 
tion must be fulfilled by a lysine in the rattlesnake venom 
enzymes (Fig. 21. Drenth et al. (36) have noted that in the 
hydrophobic binding domain, replacement of Phe-84 by a ser- 
ine is invariably accompanied by counter-replacement of a 
polar by a nonpolar residue at position 46 (Fig. 2). The same is 
true for the C. adamanteus phospholipases in which the re- 
spective amino acids at positions 84 and 46 are glutamine and 
valine. Obviously, the identification of the catalytically impor- 
tant residues of phospholipases A, must await the application 
of the techniques of chemical modification and x-ray crystal- 
lography to complexes of the enzyme with the appropriate 
small molecules. 

A good correlation exists between the comparative sequence 
analysis made thus far and the taxonomy of venomous reptiles 
based upon morphology. The fang structure (43), in addition to 
some 50 phyletic characters (44) which have been compared in 
advanced snakes, has provided a clear anatomical basis for 
separation of elapids from vipers and crotalids. Moreover, 
these families are distinct in terms of their venom-secreting 
apparatus. Insofar as the venom glands of elapids and sea 
snakes (glandula venefica) lack the clear separation of venom 
secreting and mucous secreting systems found in those of 
vipers and crotalids (glandulae venenatae), the glands of elap- 
ids are considered to be the more primitive of the two types 
(45). There are, therefore, both anatomical and physiological 
criteria for the distinction between crotalids and vipers on the 
one hand, and elapids on the other, which correlate with the 
structural arguments proposed herein for their separation into 
two groups based upon the sequences of their respective phos- 
pholipases A,. 

The sequence data also support the taxonomy of species 
within the Viperidue and Crotulidue. One would expect the 
phospholipases from C. udumunteus and C. utrox to be very 
similar and these, in turn, to be closer in homology to the 
enzyme from a more distant crotalid, A. halys blomhoffii, 
than to that of the viper, B. gubonicu (46). This is in fact the 
case. 

Pancreatic, salivary, and venom glands share a common 
embryological origin and contain acinar cells which secrete a 
number of hydrolytic enzymes. The structural similarity be- 
tween elapid and mammalian pancreatic phospholipases A, is 
intriguing and may be of significance with regard to the 
evolutionary development of venom and pancreatic glands 
from an ancestral tissue. Nothing is known at present about 
the similarity of phospholipases isolated from the venom and 
pancreas of a single specimen. It may well be that the pan- 
creatic enzyme from C. adamanteus would fall into the Group 
I category proposed herein. 

As the covalent structures of phospholipases A2 from other 
sources are deciphered it may be necessary to expand the 
classification proposed in this paper. Indeed, the enzyme from 
bee venom (8), although similar to the Groups I and II phos- 
pholipases in the vicinity of the active site histidine (Cys-Cys- 

Arg-Thr-His-Asp-Met-Cys-), is otherwise a very different mol- 
ecule and must be placed in a separate category. Further 
structural studies of the phospholipases will be of importance 
in establishing structure-function relationships in these mole- 
cules. Disulfide pairings that have been difficult to assign thus 
far may be elucidated by the study of enzymes which lack one 
or more pairs of half-cystine residues. The structural basis for 
multiple physiological activity observed in molecules such as 
notexin (13) and P-bungarotoxin (47), at least one of which (13) 
is very similar to the enzymes included in Fig. 2, may emerge 
as knowledge of phospholipase sequences is extended to en- 
zymes from other sources. In any event, our predictions with 
regard to the constellation of conserved sequences in the active 
site, the disulfide bonds, and the disposition of the distinctive 
structural elements unique to each group of enzymes will have 
an important bearing on the x-ray crystallographic analysis of 
the pancreatic enzyme (36) and that of the Group II phospholi- 
pase from C. utrox currently in progress (48). 
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adamanteus. A new classification of phospholipases A2 based upon structural 
Amino acid sequence of phospholipase A2-alpha from the venom of Crotalus
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