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Studies on Phospholipase A. I. Isolation and Characterization of 
Two Enzymes from Crotalus adamanteus Venom' 

Michael A. Wellst and Donald J. Hanahani 

m a :  Two proteins with phospholipase A activity 
were purified from Crotalus aaimanreus venom by a 
combination of gel filtration; chromatography on a 
weak cationexchange resin, DEAE-cellulose, and SE- 
Sephadex; and crystallization. Both proteins have the 
same sedimentation coefficient (3.11 S), diffusion coeffi- 
cient (9.02 x lo-' cm2/sec), molecular weight (30,000, 
as determined from sedimentation and diffusionxoeffi- 
cients and high-speed equilibrium ultracentrifugation), 
extinction c&fficient (@g 22.7), frictional coefficient 
(1.16)' partial specific volume (0.718 ml/g), and indistin- 
guishable amino acid analyses. However the two pro- 
teins are clearly separated on disc gel electrophoresis. 

phospholipase A (EC 3.1.1.4) catalyzes the hydroly- 
sis of the fatty acyl ester at the 2 position of phospho- 
lipids (reaction 1). 

0 
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This activity has been detected in the venoms of snakes, 
bees, and scorpions, as well as in several mammalian 
tissues (Kates, 1960). Numerous studies have been re- 
ported on the specificity of this enzyme (for a summary, 
see van Deenen and de Haas, 1964), which is widely 
used to determine the fatty acid esterified at C-2 of cer- 
tain phosphoglycerides such as phosphatidylcholine and 
-ethanolamine. Most of these studies have been done 
with crude venom with little attention to the use of pur- 
ified enzymes. A few reports are available on the puri- 
fication of the enzyme from various venoms (cf. Saito 
and Hanahan, 1962) although there has not been ex- 

* From the Department of Biochemistry, College of Medicine, 
University of Arizona, Tucson, Arizona 85721, and the Depart- 
ment of Biochemistry, University of Washington, Seattle, Wash- 
ington. Receioed September 23, I968. This work was supported 
by Grants GM 05519-10 and HE 11552-01 from the U. S. Public 
Health Service. Part of this work was done during tenure of a 
postdoctoral fellowship from the American Cancer Society (M. 
A. W.). 

t Present address: Department of Biochemistry, College of 
Medicine, University ofArizona, Tucson, Ariz. 85721. 414 

Both proteins have specific activities of 3200 lrequiv of 
fatty acid released/min per mg as assayed in ether-meth- 
an01 solutions using phosphatidylcholine as substrate. 
There are some unusual features in the amino acid com- 
positions. Out of a total of 266 residues there are 24 res- 
idues of glycine, 16 residues of proline, and 15 residues 
of cystine. There are no detectable free sulfhydryl groups. 
Both proteins are extremely stable. One enzymatically 
active protein is not generated from the other during the 
isolation procedure. 

All attempts to characterize the difference between 
the two proteins by tryptic fingerprinting have been 
unsuccessful. 

tensive characterization of the products. Saito and Han- 
ahan (1962) reported the partial purification of two pro- 
teins with phospholipase A activity from Croralur &- 
rnanteus venom, and the enzyme has been reported to ex- 
ist in two forms in certain Formosan snake venoms ("a- 
kiu and Kawichi, 1959; Wakui and Kawichi, 1961; 
Iwanaga and Kawichi, 1959). Recently phospholipase 
A has been purified from porcine pancreas (de Haas et 
al., 1968a) where it occurs in a zymogen form (de Haas 
et al., 196%). 

During preparation of purified phospholipase A from 
C. odamanteus for use in studies of lipid-protein inter- 
actions, an isolation procedure was developed which 
gave higher yields and purer products than previously 
reported. This paper reports the preparation of two 
highly purified proteins with phospholipase A activity, 
and a comparison of their properties. 

Experimental Section 

Materials 
Lyophilized C. adamanteus venom was obtained from 

The Miami Serpentarium (Miami, Fla.) or Ross Allen 
Reptile Institute (Silver Springs, Fla.). Fresh venom was 
obtained from The Miami Serpentarium. Silicic acid 
(Mallinckrodt 100 mesh; CC-4 and CC-7 100-200 mesh), 
aluminum oxide (Merck, and Bio-Rad AG-7), and sil- 
ica gel G (Brinkman) were used for column chroma- 
tography and thin-layer chromatography of lipids. 
DEAE-cellulose (Whatman DE-52), Bio-Rex 70, 100- 
200 mesh (Bio-Rad), SE-Sephadex and Sephadex G-25 
and G-100 beaded form (Pharmacia) were used for pro- 
tein chromatography and gel filtration. 

Diethyl ether was used from newly opened containers 
or was distilled from sodium and stored over iron wire. 
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Anhydrous methanol was prepared by the method of 
Lund and B j e m  (1931). Hexane was distilled from 
potassium permanganate and the fraction boiling be- 
tween 67 and 69" was collected. All other solvents were 
reagent grade and used as received. Urea was crystallized 
from ethanol, iodoacetic acid (Mann) from petroleum 
ether (bp 30-60"), and iodoacetarnide (Aldrich) from 
ethyl acetate. Constant-boiling HCl was distilled twice 
in an all-glass apparatus. Dansyl chloride, dansylamino 
acids, crystalline trypsin, and Ca[bis(pnitrophenyl)phos- 
phate], were purchased from Calbiochem. Casein was a 
Nutritional Biochemical product. Dialysis tubing was 
boiled in 0.1 M EDTA (PH 7.0) for 30 min, washed with 
distilled water, and stored in cold water. 

Methodr 
Purification of Phosphatidylcholine. Hen egg yolks 

were homogenized with one-half their volume of dis- 
tilled water, and extracted by the method of Bligh 
and Dyer (1959). A ,crude phospholipid fraction was 
prepared from this extract by acetone precipitation. 
Phosphatidylcholine was purified from the crude phos- 
pholipid fraction by sequential chromatography on alu- 
minum oxide (Merck) and silicic acid (Rhodes and Lea, 
1957; Hanahan et ai., 1957; Wells and Dittmer, 1966). 
Occasional preparations were resistant to phospholipase 
A hydrolysis, but this was remedied by chromatography 
on neutral alumina as described below. 

Alternatively phosphatidylcholine was isolated in a 
single step as follows. A chloroform solution of the 
crude phospholipids was placed onto a column of neu- 
tral alumina (Bio-Rad AG-7) which had been packed 
in chloroform. A loading factor of 1 mg of phosphorus/g 
of alumina was used. The column was eluted with chloro- 
form until no further organic material could be detected 
in the eluate (Ways, 1963). The column was then eluted 
with chloroform-methanol (85:15) and the eluate was 
collected in fractions. (For a 500-g column, 20-ml frac- 
tions were taken.) The phosphatidylcholine was located 
by charring of 0.1-ml aliquots (Ways, 1963) and thin- 
layer chromatography of appropriate fractions (chloro- 
form-methanol-water, 95 :35 :6). Those fractions which 
contained pure phosphatidylcholine were combined and 
filtered through three layers of Whatman No. 1 filter 
paper (previously washed with chloroform-methanol, 
1:l) to remove fines eluted from the column. Elution 
of fines occurred only when large amounts of phosphati- 
dylcholine were being eluted, and could not be eliminated 
by prewashing the alumina. The clear, lightly yellow 
filtrate was concentrated to dryness in cacuo, dissolved 
in methanol, and treated with charcoal (Darco-G-60) 
using 100 rng/ml. 

Analyses (Dittmer and Wells, 1968) of pure phos- 
phatidylcholine prepared by either method gave as typi- 
calresults:P,4.03%;N, 1.81%;N:Pmolarratio = 0.99; 
cho1ine:P molar ratio = 1.01; fatty acyl ester:P molar 
ratio = 2.03; [a]: +6.3" (e 5.0, chloroform-methanol, 
1 :l). In addition the material contained no detectable 
ash, showed a single spot on thin-layer chromatography, 
and gave the expected infrared spectrum (Abramson 
et al., 1965) (in chloroform or carbon tetrachloride). 
Fatty acid analysis using a Barber Coleman Model 2000 

equipped with an ionization detector and 15 % ethylene 
glycol succinate on Anakrom AB (60-70 mesh) at 175" 
gave results similar to those of Saito and Hanahan 
(1962). 

Phospholipare A Assay. The assay procedure used was 
similar to that described by Saito and Hanahan (1962). 
A freshly prepared solution of phosphatidylcholine, 15 
pmoles/ml, in 95 
methanol (anhydrous) was prepared for each series of 
assays. No attempt was made to use a solution for more 
than 1 day. Even after storage for only a few days the 
solution turned yellow and became resistant to hydroly- 
sis. 

The substrate solution (2 ml) was placed in a 5-ml 
volumetric flask and 25 pl of enzyme preparation added. 
After vigorous shaking for 30 sec, the reaction was al- 
lowed to proceed for 10 min at 20-25". The reaction 
was stopped by the addition of 95 % ethanol to a total 
volume of 5 ml. The fatty acids were immediately titrated 
with 0.02 N NaOH in 90% ethanol (dilution of stock 
aqueous 0.2 N NaOH with 99% ethanol) using 1 drop 
of 0.1% cresol red as an indicator and an Ultraburet 
(Scientific Industries) to dispense the base. Ethanolic 
solutions of base were prepared as needed, and were 
standardized during each assay with potassium acid 
phthalate (National Bureau of Standards). Zero-time 
reaction mixtures required 0.005-0.010 ml of base and 
the reproducibility of titration was 0.005 ml. In order 
to obtain data with an error of about 5 %, the amount 
of enzyme was adjusted such that 0.100-0.150 ml of base 
was required above the blank. This figure corresponded 
to 5-lOz hydrolysis. In numerous experiments zero- 
order kinetics were observed up to 25% hydrolysis or 
for 30 min. 

One unit of enzyme activity is defined as the release 
of 1 .O pequiv of fatty acid in 1 min. For purposes of pur- 
ification specific activity was expressed as units per 
milligram of protein, assuming E&$, 10.00. 

Phosphate buffer at high concentration was inhibitory. 
In order to avoid this problem and other possible effects 
of the buffers used in chromatographic procedures, all 
enzyme solutions were diluted at least 25-fold with 
a solution containing 0.22 M NaCl, 0.02 M CaCI2, and 
0.001 M EDTA (pH 7.5) (Saito and Hanahan, 1962). 
Under these conditions no inhibitory effects were ob- 
served. 

The exact amount of water in the ether-methanol re- 
action mixture was quite critical. Therefore 25 pl of en- 
zyme solution was always used with 2.0 ml of substrate 
solution. Solutions with enzymatic activity too great 
to be measured were reassayed after appropriate dilu- 
tion. 

Purification Procedure. All steps except dialysis and 
concentration were carried out at room temperature. 
Dry venom ( 5  g) was suspended in 50 ml of a mixture 
of 0.1 M NaCl, 0.05 M Tris-HCl, and 0.001 M EDTA (pH 
8.0). The suspension was mixed for 5 min, then centri- 
fuged at 5000 rpm for 15 min. The clear, yellow, super- 
natant solution (I) contained all the phospholipase A 
activity and was subjected to gel filtration. 

Gel Filtration. Sephadex G-100 was swollen in a mix- 
ture of 0.1 M NaCl, 0.05 M Tris-HC1, and 0.001 M EDTA 

diethyl ether (peroxide free) and 5 
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(PH 8.0) as recommended by the manufacturer. After 
degassing, the gel was packed into a glass column (Phar- 
macia) under a pressure head of 20 cm. A column (2.5 
x 90 cm) equipped for upward flow and containing a 
small T in the inlet line was used. After equilibration 
overnight under a pressure head of 20 cm, the flow rate 
was adjusted to 25 ml/hr with a pressure head of 10-15 
cm (Marriotte flask). Solution I was applied to the col- 
umn, and washed into the column with 10 ml of 5 su- 
crose in buffer solution. Elution was initiated with the 
same solution used to pack the column, and the eluate 
was collected in 5-ml fractions. The peak phospholipase 
A activity was found at anelutionvolume, V./Vo, of 1.75. 
All the recovered activity was found in six to seven tubes 
on either side of the peak tube. The fractions contain- 
ing phospholipase A activity were pooled and dialyzed 
at 4" against 0.15 M sodium phosphate (pH 6.8). The 
sample was then concentrated to approximately 10 ml 
at 4" using an Amicon Ultrafiltration Cell, Model 50, 
containing a UM-1 Diaflo Ultrafiltration Membrane 
(Scientific Systems Division, Amicon Corp., Lexington, 
Mass.). This solution (11) was chromatographed on Bio- 
Rex 70. 

Bio-Rex 70 Chromatography. Bio-Rex 70 (100-200 
mesh) was washed with 0.15 M sodium phosphate (pH 
6.8) and transferred to a 2.5 X 45 cm column. Solution 
I1 was applied and the column eluted with the same phos- 
phate buffer at a flow rate of 15 ml/hr. The eluate was 
collected in 5-ml fractions. Two well-separated protein 
peaks were eluted from the column. All the phospho- 
lipase A activity recovered was found in the first peak. 
Those fractions containing phospholipase A activity were 
pooled, dialyzed against distilled water, and then sev- 
eral changes of 0.05 M Tris-HC1 (pH 8.0). The solution 
was concentrated to 20 ml as described above. This latter 
solution (IJI) was chromatographed on DEAE-cellulose. 

DEAE-ceilrriose Chromatography. Whatman micro- 
crystalline DEAE-cellulose (DE-52) was washed as rec- 
ommended by the manufacturer. After equilibration in 
a solution of 0.2 M NaCl and 0.05 M Tris-HC1 (pH 8.0), 
the DE-52 was packed into a 2.5 X 45 cm column. The 
column was then washed with 0.05 M Tris-HC1 (pH 8.0). 
Solution I11 was applied to the column; the column was 
eluted with 200 ml of a 0.05 M Tris-HCl (pH 8.0) and 
then with a linear gradient formed from 1 1. of 0.05 hi 
Tris-HC1 (pH 8.0) and 1 1. of a solution of 0.2 M NaCl 
in 0.05 M Tris-HC1 (pH 8.0). A flow rate of 80 ml/hr was 
maintained with a metering pump and the entire eluate 
was collected in 5-ml fractions. 

It is at this point that two enzymatically active com- 
ponents are separated. The first active fraction, a, is 
eluted at 0.08 M NaC1, and the second, p, at 0.12 M NaCl. 
In each case those fractions which contained phospholi- 
pase A of approximately constant specific activity were 
pooled and dialyzed against 0.01 M sodium citrate (pH 
5.2). Both enzyme solutions were concentrated to 10 ml, 
and these solutions (IV-a and IV-p) were chromato- 
graphed on SE-Sephadex. 

SE-Sephadex Chromatography. SE-Sephadex (C-50) 
was washed several times with 0.01 M sodium citrate (pH 
5.2) to remove fines and then packed into a 2.5 x 45 cm 
column. Solution IV-a or IV-8 was applied to the col- 416 

umn, the column was eluted with citrate buffer at a flow 
rate of 30 ml/hr, and the eluate was collected in 4-ml frac- 
tions. In both cases, those fractions of constant specific 
activity were pooled and concentrated to a protein con- 
centration of 5 mg/ml (Atso). 

Crystallization. The concentrated solution from the 
SE-Sephadex column was chilled in an ice bath and 
(NH4)2sO~ was added slowly during 1 hr until the onset 
of turbidity (about 2.2 M). After standing overnight the 
crystals were collected by centrifugation. Phospholipase 
& was recrystallized by dialyzing a solution in 0.01 M 
sodium citrate (PH 5.2) against 2.0 M ("&SO4 in 0.01 
M sodium citrate (pH 5.2), adjusting the protein concen- 
tration to 2 mg/ml, and further dialysis at 4". The crys- 
tals grew in about 2-3 weeks. The same procedure was 
used for phospholipase AB except that 1.8 M (NH4)2s04 
was used, and dialysis was carried out at room temper- 
ature. 

Ultracentrifugation was carried out in a Spinco Model 
E analytical ultracentrifuge focused at the two-thirds 
plane (Svenson, 1954, 1956; Yphantis, 1964). The pro- 
tein solution was dialyzed against 0.1 M NaCl in 0.001 
M Tris-HC1 (pH 8.0). The final dialysis solution was used 
for reference cells in double-sector cells and for gravi- 
metric dilutions. All runs were made at 20.0'. Plates 
were read on a Nikon microcomparator. Sedimentation 
and diffusion coefficients were corrected to standard 
conditions as described by Svedberg and Pedersen (1940). 

High-speed equilibrium centrifugation runs (Yphantis, 
1964) were performed with a modified overspeeding and 
underspeeding technique (Teller, 1965, and personal 
communication, 1967). A double-sector cell equipped 
with sapphire windows was Ned with 10 pl of fluoro- 
carbon (Spinco) and 0.12 ml of protein solution. Both 
proteins were analyzed using an initial protein concen- 
tration of 0.96 mg/ml as calculated from the measured 
EjZ. The centrifuge was run at 35,600 rpm for 3 hr 
(complete depletion of the meniscus), at 18,200 rpm for 
20 min, then at 25,980 rpm for 16 hr, when photographs, 
taken every hour for 4 hr, indicated that equilibrium 
had been obtained. Interference photographs were read 
up to the point where the fringes could no longer be re- 
solved. The data were analyzed with an IBM 7090-7094 
IBSYS system using the program ofTeller (1965, and per- 
sonal communication, 1967). Sedimentation velocity 
was carried out at 59,780 rpm using double-sector 
cells equipped with sapphire windows. Concentration 
dependence of the sedimentation coefficient was eval- 
uated at the initial protein concentration. 

Diffusion coefficients were determined in the analyt- 
ical ultracentrifuge using a synthetic boundary cell 
which layered at 3000 rpm. Boundary spreading was 
followed on schlieren photographs taken every 4 min 
for 3 hr. The diffusion coefficient was determined from 
plots of the square of the inflection point us. time (Sved- 
berg and Pedersen, 1940). Concentration dependence 
was evaluated at initial protein concentration. The par- 
tial specific volume was calculated from the amino acid 
analysis using the data of McMeekin et al. (1949). 

&g was determined using the ultracentrifuge as a 
differential refractometer. The synthetic boundary cell 
was the same as used for diffusion coefficient measure- 
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FIGURE 1 : Effect of water concentration on phospholipase A 
activity. Phosphatidylcholine (50 pmoles) was dissolved in 5 
ml of ether-methanol (95:5). Each assay contained 1 pl of 
1.25 M CaCL, 1 pl of purified phospholipase & (0.25 pg/pl), 
and sufficient water to give the indicated concentration of 
water. Aliquots (2 ml) were titrated after a 10- and 20-min 
reaction. The specific activity was calculated using E;; 22.7. 

ments. After boundary formation, interference photo- 
graphs were taken as soon as sufficient diffusion had oc- 
curred to allow clear resolution of the fringes. The pro- 
tein concentration was calculated using refractive index 
gradient of 1.86 X 10-3 (Armstrong et at., 1947). The 
protein concentration of all solutions used for sedimen- 
tation and diffusion studies was determined in this man- 
ner. The ha was measured after gravimetric dilution. 
Amino acid analyses were carried out by the acceler- 

ated method of Spackman et at. (1958) on a Spinco amino 
acid analyzer. The protein solution was dialyzed against 
distilled water for removal of salt. Protein (1 mg) was 
hydrolyzed according to the method of Moore and Stein 
(1963). Performic acid oxidation was carried out accord- 
ing to Hirs (1956). The oxidized protein was hydrolyzed 
for 24 hr. AU analyses were carried out in duplicate. Ser- 
ine, threonine, and ammonia were calculated after extrap- 
olation to zero time. Hydrophobic amino acids were 
calculated from 72- and 100-hr hydrolysates. Tyrosine 
and tryptophan were determined by the method of Good- 
win and Morton (1946). The latter tyrosine value agreed 
within 2% of that found from amino acid analysis. 

Disc gel electrophoresis was carried out as described 
by Ornstein (1964) using 7 z  acrylamide and the buffer 
system of Davis (1964). Protein in the gel was stained 
with amido black. 

Disulfide reduction and modification of the protein 
were done in an attempt to increase sensitivity to tryptic 

4.0 I 
3.0 3.5 i 

- 2.0 
E 

E 1.5 

I 

a 

. 
E 1.0 
0 

0.5 

I. 

0 40 EO 120 180 200 240 280 320 
TUBE NUMBER 

FIGURE 2: Separation of two phospholipases A on DEAE 
cellulose. Whatman DE-52 was packed in a 2.5 X 45 cm 
column in 0.05 M Tris-HC1 (pH 8.0). The eluate from a Bie 
Rex 70 column containing 833 mg of protein and 613,000 
units of phospholipase A activity was applied to the column. 
The column was eluted with 200 ml of 0.05 M Tris-HC1 (pH 
8.0) and then with a linear gradient formed from 1 1. of 0.05 
M Tris-HC1 (pH 8.0) and 1 1. of 0.2 M NaCl in 0.05 M Tris- 
HCl (pH 8.0). A flow rate of 80 d/hr  was maintained with 
a metering pump and 5-ml fractions were collected. 

hydrolysis. Disulfide reduction was carried out accord- 
ing to Anfinsen and Haber (1961). Reaction of the free 
sulfhydryl groups with either iodoacetic acid, iodoacet- 
amide, or acrylonitrile was accomplished as described 
by Anfinsen and Haber (1961) for iodoacetic acid. In all 
three reactions the protein precipitated from the reac- 
tion mixture and was isolated by centrifugatlon. It was 
washed several times with water to remove excess re- 
agents. Completely reduced protein was isolated using 
Sephadex gel filtration (Anfinsen and Haber, 1961) in 
0.1 M acetic acid. Free sulfhydryl groups were determined 
by a slight modification of the method of Ellman (1959). 
One sample of protein was diluted into the buffer to mea- 
sure the protein blank, but for assay the protein was di- 
luted into buffer which contained Ellman's reagent. The 
rate of reoxidation was so fast that considerably lower 
values were obtained if the protein stood for only a few 
minutes at alkaline pH in the absence of the reagent. 

N-Terminal amino acid analysis was carried out using 
dansyl chloride as described by Gray and Hartley (1963). 
Approximately 1 mg of native or modified protein was 
dissolved in 1 ml of 0.1 M NaHCOa. To this solution was 
added 1 ml of dansyl chloride solution (20 mg/ml) in 
acetone. The clear solution was allowed to stand for 4 
hr at room temperature. In the case of the native pro- 
tein the dansylated product was isolated after gel filtra- 
tion on Sephadex G-25 in 0.2 M ",OH. The dansylated 
products from modified proteins were retained irrever- 
sibly on Sephadex. They were isolated by precipitation 
from the reaction mixture by addition of acetone and 
washing with 0.1 N HCI to remove excess reagents. The 
dansylated proteins were hydrolyzed in redistilled HCI 
in sealed, evacuated tubes at 110" for 24 hr. The dansyl 417 
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TABLE I: Purification of Phospholipase A from C. adamanteus Venom.. 

Step % Protein Total Units % Act. 

Crude suspension 

5000 rpm supernatant (I) 

Sephadex G-100 (II) 

Bio Rex 70 011) 

DE-52a 

DE-528 

Total a DE-52 combined 

Total a DE-52 combined 

SE-Sephadex a 

SE-Sephadex j3 

First a crystals 

First 0 crystals 

a, second crystallization 
&second crystallization 

50 7250.0 
50 7500.0 
50 7425.0 

50 7250.0 
50 7475.0 
50 7400.0 

140 2730.0 
160 3240.0 
160 3160.0 

50 787.5 
55 869.0 
56 833.0 

97 260 
93 253 

100 252 

96 157 
100 175 
100 155 

756 

487 

242 532.4 

110 287 

35 412 

35 210 

100 
100 
100 

100 
99.7 
99.6 

37.6 
43.2 
42.5 

10.9 
11.6 
11.2 

3.6 
3.4 
3.4 

2.2 
2.3 
2.10 

3.45 

2.20 

2.40 

1.3 

1.85 

0.95 

716,000 
760,000 
760,000 

716,000 
760,000 
756,000 

640,000 
716,000 
716,000 

560,000 
624 , 000 
613,000 

255,000 
288,000 
247,000 

194,000 
194,000 
176,000 

790,000 

564,OOO 

733,260 

394,000 

565,000 

299,250 

100 
100 
100 

100 
100 
99.5 

89.5 
94.5 
94.5 

78.2 
82.8 
81 .O 

35.6 
38.0 
32.5 

27.2 
25.6 
23.2 

35.5 

25.3 

32.8 

17.6 

25.3 

13.4 

Sp Act.b 

100 
102 
102 

100 
102 
102 

236 
222 
228 

710 
718 
738 

999 
1060 
998 

1190 
1110 
1140 

1030 

1160 

1375 

1370 

1415 

1425 

1410 
1400 

Purifcn 

2.4 
2.2 
2.3 

7.1 
7.0 
7.2 

10 
10.6 
10 

11.9 
11.1 
11.4 

10.3 

11.6 

13.75 

13.7 

14.5 

14.25 

14.1 
14.0 

= Results from three experiments on one batch of venom. Details are given in the text. * Calculated assuming &g 
10.0. 

amino acids were separated by thin-layer chromatog- 
raphy on silica gel G using the solvent systems of Deyl 
and Rosmus (1965). 

Tryptic hydrolyses were carried out on 6 mg of either 
native or modified protein. The protein in 1 .O ml of water 
was heat denatured, then adjusted to pH 8.0 in a Radi- 
ometer pH-Stat. After addition of 0.1 mg of trypsin, the 
reaction mixture was maintained at pH 8.0 until the up- 
take of base stopped. The reaction mixture was adjusted 
to pH 7.0 and centrifuged to remove any precipitate that 
formed. The clear supernatant solution was lyophilized 
and dissolved in water; the peptides were separated 
by thin-layer chromatography and electrophoresis 
(Savant apparatus) as described by Ritschard (1964). 
The solvent system which gave the best results was chlo- 
roform-methanol-NH40H (40 :40:20). The peptides 

418 were visualized with ninhydrin. 

Protease activity was assayed by the procedure of 
Kunitz (1947), and phosphodiesterase activity by the 
procedure of Boman and Kaletta (1957). 

Results 

Assay Procedure. The procedure used was similar to 
that described by Saito and Hanahan (1962) except that 
methanol was included in the reaction mixture. The pres- 
ence of methanol at levels up to 5 % was not inhibitory. 
In the presence of 5 z methanol the lysolecithin formed 
remained in solution until approximately 25 z hydroly- 
sis had taken place, whereas in pure ether, the lysolec- 
ithin precipitated after approximately 5 hydrolysis. 
The results were more reproducible in the presence of 
methanol since the lysolecithin remained in solution. 
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when lysokcithin precipitate, Bs in pure ether, them 
action prockds in the precipitate but at an altered state. 

The amount of wata added to the ether-melhanol 
solution had a pronounad effect on the phospholipm 
A activity at all p h w  of its purification. Figure 1 shows 
results of the effect of water addition on the activity of 
purified phospholipase A. in ek-methanol  solution. 
Identical results were obtained with phospholipase As 
and with crude samples of venom. Similar results were 
obtained in pure ether, except the curve was displaced 
toward lower water concentration. The amount of water 
required for maximal activity was 100 times the amount 
of water consumd in the renction. Rehinary studies 
show a complex relationship be- water, substrate, 
and Ca ion concentration. 

Changes in these parameten from those reported in 
this papr can give quite diffacnt specific activities for 
the purised phospholipases A. A mom detailed study of 
the effect of water is underway. 

Purifiatwn Prmehe. Table I contains data from 
three experiments with a single bawl of venom. The 
fractions were combined after the DEAE~ellulose step. 

Gel Filtration. Gel fillration was chosm for the h t  
step since it remoms the need for dialysis and eliminates 
lamer proteins which are eluted between the two phos- 
pholipases A during DEAE-=ellulow chromatography. 
In our bands satisfactory results mre obtained only 
with slass columns and careful attention to the recorn- 
mendations for N ~ I U  the columns provided by Phar- 
macia. Lucite columns gave rise to hyprbolic band 
shapes which resulted in poor resolution. The use of 
Sephadex G-150 or G-200 did ~t result in higher puri- 
fration, wherras G-75 did not result in a material of 
lower specific activity. 

Concenrmtion and DiaIysU. %to and Hanaban (1962) 
mrted considuahle lass of enzymatic activity during 
dialysis. No such l o w s  mn exer encountered during 
this study. Dialysis tubing which was boiled in EDTA 

mvRB 4: Puri6cation of phospholipase AB on SE3ephada 
A 2 5  X 45 cm column of SEsepbdex (G50) in 0.01 H 

sodium Citrate was used T k  combined phospholipase & 
fractions from t h m  DE52 columns containing 487 mg of 
W e i n  Md 564,ooO units of phospholipase &activity were 
chromatographed. m e  column was run at a flow rate of 30 
d/hr  and 4ml fradions were collected. S p * s c  activity was 
CalCuLated ssswniog G 10.0. 

was usd, whereas Saito and Hanahan (1%2) apparently 
did not follow this procedure. Although no specific study 
of this problem was made, it may be that the d i f f m c e  
lies in the treatment of the dialysis tubing. The use of a 
membrane concentrator is of considerable advantage 
in concentrating protein solutions. Recoveries of 95- 
100% were routinely obtained in this procedure. 

Bio-Rex 70 Chromatography. Bio-Rex 70, a wak cat- 
ionexchange resin, was used by Neumann and Haber- 

mm 

mum 5: Dise gcl elcctrophonsis of purified phospholipases 
A. Disc gel elcctrophmis was carried out by the methods of 
OMtein(l%4)andDavls(1964). Migrationwasfrornlop 10 
bltorn with a c m n t  flow of 5 mA/gel. The proleins w m  
stained with amido hlaek. For lhis photograph the gels were 
cut a( the wmt where the bromothymol blue band was I* 
catcd. The gel on the Id1 contains phospholipase A. (500 rs). 
lhcgcl in the middle amutureofph~pholipascA.(2500p8) 
Mdphospholi~Ab(250~g),andthegelonlhcnght phos- 
PhoLipase Ab (500 08). 419 
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PIG- 6: Sedimeotatron velocity Wtw of phospholipas 
A, SedirrPntation velocity was canid out at 59,780 ~pm 
uskg a douMesedor mll with sapphire windows. the pmteio 
mrrultPation was 11.4 m#ml. sedimentation is from right 
to left. The phot-ph was taken aftex 144 min with a bar 
angle Of 650. 

llgnn(1955)fatheseparationofto~insoaLeveoom, 
and proved useful here. The proteins are m l v e d  into 
two wd-separated peaks on this rsm. The first, rapidly 
eluted peak wntaios all the phospholipase A activity. 
The secondpeak wntainsproteins which would beeluted 
with phospholipase 4 hum DEAEsellulose if they 
were not removed at this point. 
DE52 Chmmnlography. Saito and Hanahan (1%2) 

obsaved the separation of two forms of phospholipase 
A on DEAEceUulox. although they experienced con- 
siderable losses on the DEAEcellulose used. Similarly, 
considerable losses have been encountered in this study 
with all wmmercial p~parations of DEAEceUulose 
except Whatman DE-52. DEAE-Sephadex gave good 
yields of phospholipase A activity, but was more difi- 
cult to work with due to large bed shrinkage in the ionic 
strength range employed. 

A typical chromatogrqhic profile on DE-52 is shown 
in Figure 2. As can be seen, thae is clean separation of 
two protein peaks with phospholipase A activity. wben 
the protein from each peak was m-hed 
under the same wnditions, only a single peak was ob- 
served, which was eluted at the same pomt in the gra- 
dient as it wasw the first wlumn. 

SESepkdcx. Examinations of the two fractioos ob- 
tained from DE-52 by disc gel electrophoresis revealed 
the prrpnce of one major and two minor bands F i  
urn 3 and 4 show the chromabgmph . prosksofthe 420 

W U R E  7: sedimen tation velocity p a t t w  of phospholip 
&. Sedimentation velocity was canid out at 59,780 q 
using a douhlcsedm d with sapphire the pmu 
mrrPnlration was 10.6 n&d. SedirrPnmon IS fmn nghl to 
I d L  The photograph w 2 ~ 1  talren aft= 144 min with a bar 
angleof 65". 

two preparatiooson SEScphadn. It will be noted that 

umn with wnstaat specilk activity. In addition disc @ 
electrophoresis s h d  only a si* band. 

Crystollirorion. S e d  experiments indicated that 
rrystallization occurred most readily at about pH 5.0- 
5.5. Therefore the eluate humtheSI5sephaaex was read- 
ily crystalkmi, after unrenhation by addition of 
(",).so,. Recrystallization using the technique of slow 
dialysis did not i- the specific activity of the prep 
arations. 

Roperlies of rhe PwiJird k y m .  Each eozyme 
showed asingk band w disc gele*ctmpborais. A mix- 
tm of the two is clearly resolved into two bmd$ (Fi i  
ure 5). Figure 6 shows the sedimmtation velocity patten~ 
f a  phospholipase A. at a potein wncmtratioo of 1 I .4 
mgJml, and Figure 7 shows the pettan fa phospho- 
lipase 4 at a protcin comntration of 10.6 mgJml. Ex- 
amimtiw of rewral plates failed to reveal any dacct- 
abkasymme@y to the pattans. Figure 8 shows the con- 
malllation dependare of the sdinnltatioo and diffu- 
sion cod6cients Them is no inthe 
valus for the two proteins. The mdsular Iseightcal- 
culated from s a n d  D at infmite dilution is 29.800 f a  
both proteins. Figure 9 shows plots of M. and M, 4- 
alated at various points m the c m t r i f ~  ccll from 

thebullroftheenyrnatlc . activityiselutedhumthewl- 
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=O- 

a ~ h i s h s p e d c q u i l i i n m . A l t h o u g 6 t b e ~  
kfular~tsc-akd&darcslyhtlydiffamfitcanod 
b c s t a t e d t h a t t b a e i s a ~ d i f f a e o c e i n m d e c -  

mariff the physical pmprtiep of the two phospb 
lipesk T h c d Y p r o p a h l i n a r h i c h t b e y ~ *  
nificantlyisthatof~pMEctropbonticmobility. 

ukr weight 011 the his of a single run. TaMc Jl sum. 

Thc amino acid composition of the two prOteim b 
d in Table m. Ibe averas yield of amiw 

acids from the hydroIysisof 1 mgof protein(C0rrecting 
fa loses of suine and threonine, low values of hydro- 
phobic amino adds at early - of hydrolysis, and 
adding the tryptophan d u e )  was 8.70 * 0.2 rmola. 

' 

. I : ' ~ t : * . .  ..... ..... '........,..... 
- *  1 ............. 

l 
o z 4 6 B lo  12 I4 16 

nOlnl 

lvRna9:Gmmlhkn . dcpodareofM..ndM.ofpmi- 
fd pho3phdilra A. M. and M. ~lculatrd at variolrr 
~b m M ul~nanhifwu cdl dm attaining squilibivm 

cquilihi.mwarlrredmdscribcdinUrlut (0) 
R h c 6 p h o l i p a s e  k. (m) M. for phospholipase 
k; (0) M,faphasphdiparCAp.(0~ M. fa phospholipase 
A5. 

This would indicate 261 &dum fa a m o m  d & t  
of 30,Ooo. The data for alanine aae dosst to an i n e  
& factor, so it w a s d t h a t  15 danimswscm 
ent On thelattabssiseacb protein bas 266nsidw-s and 
amokcularareight of29.864. Ascao be s==n in Table 
mtbaeismhmdrurrntadidiffamabetwFentheamino 
acid composition of the t.vo pmtch. 

Analysis of free .sulfhydryl gmup by the mahod of 
PILmaO indicated ks than 0.1 residue/mle of prOteia 
A R a r e d u c t i o a , a r b i f b e l i i a l l ~  ' activity, 
%29 residues of free .sulfhydryl groups per mole of pro- 
tein aae found, in good agRsnent with the cysteic acid 
conteslt found aft6 p e r f d  acid oxi&tion. 
LSE than 1z carbohydrate (asawi as b u i b e d  by 

Winds, 1955) was found in both proteins. No fattyacid 
could be dcteaed by thin-lam chromatography of a 
petroleum ether atract of an acid hydrolysis of 6 mg 
of e i k  protein. Saito and Hanahan (1%2) dcteaed 
fmy acid in their preparatioos. Further work on this 

N-Taminal amim acid analys~~ on either native a 
point is mdaway. 

modifiedproteins wscnesative. Unds m amdiliom 

. .  - 10: pYslak of P h w W  k. c*ystals 'YCIC 

421 
grown by malyss Lo 2211 ("m. .s d6albed in tbe 
tat. x 425. 
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TABLE m: Amino Acid Composition of Phospholipase A.. 

Calcd 
Amino Acid 

Amino Acid 24 hr 28 hr 72 hr loo hr Composition 

30.4 30.5 30.3 29.9 30.1 30.2 30.0 30.0 30.0 30.0 
Thr 12.3 12.2 11.7 11.5 11.1 11.0 10.5 10.6 13.0 13.P 
ASP 

ser 12.2 12.1 11.2 11.1 10.4 10.3 9.5 9.7 13.0 13.01 
Glu 24.3 23.6 23.9 24.2 24.0 24.3 24.2 23.9 24.0 24.0 

16.0 16.0 Pro 16.1 15.7 15.9 16.3 16.2 16.1 15.8 15.0 
23.8 23.6 24.2 24.0 24.3 24.1 24.1 24.0 24.0 24.0 GlY 

Ala 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 
Half-Cys 28.6 28.8 29.2 29.5 28.4 29.0 28.3 28.0 30.0 30.e 
Val 9.7 9.5 10.5 10.6 10.9 11.0 10.8 11.1 11.0 11.01 
Met 2.0 2.1 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2 . p  
Ile 8.6 8.9 10.0 10.2 10.8 11.0 11.0 10.9 11.0 11.01 
Leu 9.6 9.3 10.3 10.1 10.9 10.8 11.2 11.1 11.0 11.01 m 16.2 16.0 15.9 16.2 16.3 16.0 16.1 16.0 16.0 16.0 
Phe 9.0 9.3 9.7 9.5 9.9 10.0 10.1 10.1 10.0 10.01 
LYS 16.1 16.0 15.8 16.2 16.2 16.0 16.2 16.1 16.0 16.0 
His 4.8 4.9 4.9 5.1 4.8 4.9 4.8 5.0 5.0 5.0 

"a 16.9 16.8 17.8 18.0 18.7 18.8 19.7 20.0 16.0 16.P 
Trp 7.1 7.0 7.0 7.1 7.1 7.0 7.1 7.0 7.0 7.01 

,, The analyses were run on hydrolysates of 1 mg of protein. The data are calculated assuming 15 alanines per mole. 
The data for phospholipase & are in the left column, that for phospholipase A, in the right of each period of hy- 
drolysis. * Calculated by extrapolation to zero time. e Determined after 24-hr hydrolysis of performic acid oxidized 
protein. Duplicates gave 29.8,30.1, and 30.0,30.3 residues per 15 residues of alanine for a and 8, respectively. ,i Cal- 
culated from 72- and 100-hr hydrolyses. The same results were obtained after performic acid oxidation. f Calculated 
from measured extinction c d c i e n t  which showed a Tyr to Trp molar ratio of 2.28. 

Residues/l5 Residues of Alanine 

Arg 12.1 12.0 12.3 11.8 11.9 12.1 11.8 12.1 12.0 12.0 

could any dansylated amino acids, other than those with 
reactive groups not involved in peptide bonds, be de- 
tected. On the basis of this result it is tentatively con- 
cluded that neither phospholipase A has a free N-ter- 
minal amino acid. Thus far hydrazinolysis of the pro- 
teinstoascemun ' what may be blocking the N-terminal 
amino acid has proven unsatisfactory. 

FinserprintinS of tryptic hydrolyses was attempted 
in order to differentiate the two proteins. The native 
protein was essentially mistant to trypsin as indicated 
by the lack of uptake of base during incubation and re- 
tention of enzymatic activity. Tryptic hydrolysis of pro- 
teins with modified sulfhydryl groups has also proven 
unsatisfactory. The extent of hydrolysis was only 25- 
30 Z judged from the uptake of base during the reaction 
and the number of peptides observed after fingerprint- 
@. 

In order to eliminate the possibility that one of the 
proteins was an artifact of venom preparation or en- 
zyme purification, the following experiment was per- 
formed. Venom (20 ml) was collected (at Miami)' and 
divided into two samples. One sample was lyophilized 

1 These samples of venom were. kindly provided by the Miami 
SerpentariUm. 

as usual, and the other was frozen. Both samples were 
shipped in Dry Ice and kept at -25" until used. Ali- 
quots of each containing 750 mg (Am) of protein and 
75,000 units of activity were chromatographed directly 
on a 2.5 X 45 cm column of DE52 as described in the 
puri6cation procedure. In each case two active fractions 
were eluted at the same points in the gradient as described 
above in the purification procedure. In the case of the 
lyophilized sample 39,000 units of activity (52% were 
recovered in the phospholipase & fraction, and 28,500 
units (38m in the phospholipase AB fraction. The ratio 
of units in the first eluted fraction to those in the second 
eluted fraction was 1.37 with a recovery of 90%. In the 
case of the native venom 40,000 units (53.3 %) were re- 
covered in the first fraction, and 29,000 units (38.6% in 
the second fraction. The ratio was 1.39 with a recovery 
of 91.9 %. In the three experiments described in Table 
I the ratio of units in the phospholipase & to 4 frac- 
tions was 1.34,1.46, and 1.40. On the basis of these data 
it seems unlikely that one enzyme is derived from the 
other during collection of the venom and isolation of 
the proteins. A more definitive answer to this question 
must await elucidation of the differences between the 
two proteins. 

Both phospholipase A preparations were free from 
phosphodiesterase and protease activity. The absence 
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of nbxbnnce at 340 mp was tnkm to mdicatcthe nb 
~mn of bamino acid oxidase. 
The specific activity of the purified phospho- 

A was 315&3254 units/mg. U n k  the cnnditions of ac 
say used thereis no diffetmce behwen the two eazymn. 
nK turnover number of both enzymu is 1600 m o b  of 
substrate hydrolynd/mole of mym per see. This is 
probably n low estimale, since preliminary attempts to 
determine V, indicate that Vmishi&erthan3200pmolm 
min. As discussed above, the kinetics of the reaction in 
ethm-methanol are complex and an under in&@- 
tion. Thus far no studies have been carried out with syn- 
thetic substrates or with phospholipids 0th~ than phm- 
phatidylcholine. 

Both enzyme prcparntions BIC extremely stable. S 
Iutions containing 0.05 to 5 mg/ml of protein in 0.01 M 
cacI.ntpH7.0havebeenkeptat4°for 18moathswith- 
out loss in activity. Similar solutions stored at room tnrr 
pernture for s e d  m e l r s  have not lost activity nor de- 
veloped baarrial contamination. 

Discussion 

The spcciiic activity of 3200 mles/min per mg (bass 
on m a s d  e3 of the purified proteins is 4- to 
fold higher than reported by Saito and Hanahan, al- 
though the overall purification of 14-fold is only about 
2- to 2.5-fold m t e r  than observed by these authors. 
However, when the initial protein concentration is cal- 
culated on the h i s  of the weight of starting venom, 
instead of an arbitrary these differen= are re- 
solved. On the basis of the weight of starting venom the 
specific activity of the crude venom is 152, while that of 
the purified enzymes is 3200. This gives a purification of 
21-fold. Similar calculations from the data of Saito and 
Hanahan give their purilication as approximately four- 
fold. Thus ow pmprations are 4- to 5-fold purer M 
both on a comparison of the specific activity of the final 
product and the overall purification. 

On the h i s  of the criteria thus far applied the two 
enzymatically active proteins appear to be nearly homo- 
gmeous. There is an indication of some heavy material 
in the high-speed equilibrium runs, but it represents 
probably less than 5 Z of the total protein. The molec- 
ular weight of 30,000 is consistent with the sedimenta- 
tion velocity and diffusion measurcmeots, high-speed 
equilibrium measurements, and ami00 acid analysis. 
There are several interesting properties of the two 

phospholipasa A that deserve some comment at this 
point. The high content of disulfide bonds, glycine, and 
proline probably account for the high stability of the 
proteins. In  this regard it is of interest to note that the 
enzyme from porcine pancreas (de Haas er al., ]%Sa) 
which has a molecular weight of 14.000 has seven disul- 
fide bonds and a high proportion of glycine and proline. 
The content of hydrophobic amino acids in the phos- 
pholipases A is lower than merally found in proteins, 
and although t h e  is a high proportion ofchar@ amino 
acids, the net charge is small. This is consistent with the 
low ionic strength required to elute the proteins from 
DEAE-cdulose. Reliminary data on the solubility of 
the proteins as a function of pH would indicate that the 

mim I I :  Crystals of phwholipme &. Crysmls WCR 
grown by dialysu in 20 M (“&SO. BP d&bCd in Ihc 
(eat. X 425. 

isoelectric point is near 4. This is in qycamnt with the 
valuep determined by Saito and Hanahan (1%2). 

The difficulty encountered thus far in attempting to 
obtain tryptic fingerprints may be related to the fact that 
the disulfide bridges need to be cleaved hefore signifi- 
cant hydrolysis can lake place. The effect of the intro- 
duclion of 30 residua into lbe protein during modifi- 
cation of the sulfhydryl group on the availahlity of r r y p  
sin-sensitive sites is unknown. Several mthodq of (ryp 
tic hydrolysis are now under investigation. Similar cnn- 
sideration may apply to our inahility to find a frez 
N terminal or the lack of definitive results in altempling 
to locate an N-acyl group. 
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Thermal Denaturation of Ribosomes* 

Moshe Tal 

m c r :  In dilute M e r  of Tris-acetate (0.001 M, pH 
7.2) where the nucleasefree ribosomes from Eschmichia 
coli MRE 600 can be heated without aggregation, rever- 
sible -23% hyperchromicity can be observed with 
ultraviolet spectrophotometry or by optical rotation 
(UD line). The T, is 62”. Mg“ elevates the T, whereas 
EDTA, urea, salt, and various organic reagents lower 
it. Analysis of ribosomal ash by emission spectrography 
revealed zinc and nickel in significant amounts and mag- 
nesium, calcium, and iron in smaller amounts. The sed- 
imentation constants of natural ribosomes in Tris-ace 
tate (0.001 M) are 24 S + 42 S. However, after heating 
to 65” and cooling their S values dropped to 17 S + 24 
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S (“heated particles”). Viscometric analysis showed that 
the conformation of heated particles is between that of 
natural ribosomes and an open ribosomal structure 
which exists at 65 ’. Reversible interconversion between 
the “open-molecule” and “heated-particle” conforma- 
tions was found in repeated cycle of heating and cooling, 
as was measured by spectrophotometric, viscometric 
and optical rotation methods. Examination of the com- 
position of “heated particles” showed that the ribmo- 
mal ribonucleic acid remained intact and that the par- 
ticles retain virtually all their proteins. On the basis of 
these findings a model of thermal denaturation of r i b  
somes is proposed. 

T he function of ribosomes demands a high degree 
of internal order. This well-defined structure enables 
them to bind mRNA and aminoacyl-tRNA effectively 
and to form peptide bonds, by means of interaction with 
cytoplasmic factors. In order to clarify the dependence 

of the biological activities of the ribosomesontheirstruc- 
ture, a system is needed which lends itself to the study 
of the secondary structure of ribosomes. 
By means of several physical methods, ribosomes were 

found to have a high degree of internal order (Hall and 
Doty, 1959; Blake and Peauxke, 1%5; McPhie and 
Gratzer, 1.966; Bush and Scheraga, 1%7). 

Thermal denaturation studies can contribute to our 
understanding of the ribosomal structure. However, 
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