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SUMMARY 

I Freshly prepared homogenates of pig pancreatic tissue contain a small amount  
of phosphohpase A (phosphatlde acyl-hydrolase, EC 3_I.i_4), during autolysis, 
however, a considerable rise in hpolytic act ivi ty occurs 

2 By  use of heat  t reatment ,  (NHa)aSO 4 precipitation and chromatographm 
procedures, the enzyme has been purified about  200 times and characterized by  chemi- 
cal and enzymatic  procedures 

3 The protem, which has a molecular weight of about  13 800 ± 500 appears 
to consist of one smgle polypeptide chain terminat ing In alanme (NH2) and cystlne 
(COOH), and cross-linked mtramolecular ly  by  7 disulphide bridges. 

4 The enzyme acts stereospeclfically on all common types of 3-sn-phospho- 
glycerldes, hydrolysing exclusively fa t ty  acid ester bonds at the glycerol-C-2 position, 
regardless of chain length or degree of unsa tu rahon  In  contrast  to the snake venom 
phosphohpase A, the pancreatic enzyme shows a marked preference for amomc phos- 
phollplds such as phosphatldic acid, cardlohpin and phosphat ldyl  glycerol 

INTRODUCTION 

Pancreat ic  phosphohpase A (phosphatlde acyl-hydrolase, EC 3_1.1_4) has been 
the subject of considerable research m the past_ Pancreat ic  tissue of ox 1, man  2, horse 3 
and rata, 4 has been used as enzyme source and occasionally the enzyme has been 
part ial ly purified by  virtue of its remarkable heat stability_ The great var iety of assay 
techmques and the various s tar tmg materials used (autolysed tissue, pancreatic 
] i c e s ,  pancreatin, etc) undoubted ly  have contr ibuted to some of the conflicting 
results reported 

The first purification s tudy using fresh ox pancreas was under taken by  RIMON 
AND SHAPIRO 1 who were unable to extract  an active enzyme from homogenates of fresh 
pancreas They  showed tha t  act ivi ty appeared after storage of the frozen pancreas 
for a period of at least 2 weeks and tha t  this act ivi ty  was confined to the insoluble 
particles of the homogenate  MAGEE et al_ ~, who used fresh post-mortem human  pancreas, 
could not detect  any differences in phosphohpase A act ivi ty between fresh and frozen 
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stored tissue, but they confirmed the water-insoluble nature of the enzyme. Special 
treatments were required before the enzyme became fully water soluble The latter 
enzyme preparation was shown 5 to possess a mode of action slmdar to that of snake 
venom phosphohpase A 6, though considerable differences In reaction rates were found. 
The high specificity of (phospho)hpases nmke them mvaluable tools, not only for 
analytical and preparative purposes, but also for lnducmg selective alterations in 
biological systems Moreover, the affinity of hpolytic enzymes to hpids might provide 
us with a potentially useful model system to investigate hpld protein interactions 
Such studies require the availability of highly purified enzyme preparations and a 
thorough knowledge about their substrate requirements and mode of action In the 
present study, we describe the isolation and purification of phosphohpase A from pig 
pancreas and compare its substrate requirements with those of the corresponding 
enzyme, present in crude snake venom. 

EXPERIMENTAL 

Materials 
Porcine pancreas was obtained from the municipal slaughterhouse, usually 

within 3 ° rain after the death of the animal The tissue, after being freed of most of 
the fat and connective tissue, was stored frozen at --20 ° DEAE-cellulose (chromedla) 
and CM-cellulose (Powder CM 7 o) obtained from Whatman were washed and prepared 
in columns according to the procedure of PETERSON AND SOBER 7. Sephadex media 
(bead form) obtained from Pharmacla, Uppsala, were prepared for use according to 
the instructions of the manufacturer 

Dnsopropylfluorophosphate was purchased from Koch-Light, England and 
obtained through the courtesy of Dr R A OOSTERBAAN, Medlsch Blologlsch Labora- 
torlum T N O, Rllswljk, The Netherlands 2,4-Dlnltrofluorobenzene and sodium 
deoxycholate were obtained from E Merck, Darmstadt, Germany. Phenyhsothio- 
cyanate was purchased from Eastman Kodak N-Dinitrophenylammo acids and 
phenylthlohydantoms of amino acids were products from Sigma, St L o u i s ,  M o ,  

U.S_A Anhydrous hydrazlne was prepared from its monohydrate (Schuchardt, Mun- 
ehen) according to the procedure of BRAUNITZER s 

Aqueous suspensions of bovine earboxypeptldase A and of porcine carboxy- 
peptldase B were obtained from Sigma, St Louis, U S A and freed from amino acids 
by washing and dialysis, respectively_ Lyophlhzed bee venom, bovme pancreatic 
rlbonuclease A, pepsin, pancreatic a-amylase, bovme trypsin (3 × cryst from tryp- 
sinogen) and bovine a-chymotrypsin (3 × cryst ) were products of Fluka (purlss) 
Highly purified pancreatic hpase was prepared according to the methods of DESNUELLE 
and co-workers 9 and finally "chromatographed" on Sephadex G-75 to remove possible 
traces of phosphohpase A. Synthetic phospholipids were prepared as described 
prevmusly 1°. 

METHODS 

Prote,n concentration was routinely determined by the method of LOWRY et al. 11, 
using as standard crystalhne bovine serum albumin_ 

Phosphohpase A act,wty was determined by potentlometnc titration with o I M 
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s tandard ized  N a O H  on the  T T T - i - R a d l o m e t e r  a u to t l t r a t o r  a t  4 °0 and p H  8_o as 
descr ibed first for hpase  assay  b y  DESNUELLE, CONSTANTIN AND BALDY 12 As subst ra te ,  
an aqueous emulsion of egg yo lk  was used in the  presence of sodium deoxychola te  and 
Ca2+ 

Column chromatography on ion exchangers  and Sephadex  was per formed at  4 °. 
The  absorbance  of the  column eluents was cont inua l ly  moni to red  and recorded at  

254 m #  or 280 m #  wi th  a LKB-83oo  A Uvlcord  I I .  
Amino acid analyszs was per formed b y  the  me thod  of SPACKMAN, STEIN AND 

MOORE ia on a Technlcon amino acid analyzer .  Acid hydrolys is  was carried out  in 6 M 
HC1 ,n vacuo at  I iO ° for periods of 24 h and 48 h. Norleuc,ne was incorpora ted  as an 
in te rna l  s t a n d a r d  14_ The t r y p t o p h a n  to tyros ine  ra t io  was de te rmined  spec t rophoto-  
met r i ca l ly  in o_I M NaOH,  following the  procedure  of BENCZE AND SCHMID 15 The 
hal f -cyst ine  content  of the  enzyme was also measured  b y  the me thod  of GOA 16 

Am,no-term,nal analyszs The N- te rmina l  amino acid was de te rmined  and 
q u a n t i t a t e d  b y  the d in i t ropheny la t lon  technique ~7, and b y  format ion  of the phenyl-  
t h lohydan to ln  der iva t ive  ls,19- 

Carboxyl-termznal analysm. The release of ca rboxy l - t e rmlna l  residues b y  bovine 
ca rboxypep t ida se  A or B was measured  at  p H  7 0-8 o at  37 °. Af ter  conversion of the  
freed amino acids into the  corresponding D N P -  der ivat ives ,  the  separa ted  amino 
acids were q u a n t i t a t e d  by  the me thod  of LEVY 2° Carboxyl- termxnal  amino acids were 
also de t e rmined  b y  the hydraz lnolys l s  me thod  of AKABOI~I, OHNO AND SARITA 21 as 
modified b y  BRAUNITZER s Separa t ion  of the  hydraz ides  formed and the carboxyl -  
t e rmina l  amino acids was per formed as descr ibed b y  LAY AND POLGLASE 22 

Determ,na/zon of sulphydryl groups. The S H -  content  of the  prote in  was deter-  
mined  spec t ropho tomet r l ca l ly  b y  t i t r a t ion  with  p-ch loromercur ibenzoa te  as describe d 
b y  BORER 2a and BENESCH AND BENESCH 2~. 

Electrophoresm Starch-gel  electrophoresls  was carried out  on microscopic shdes 
covered with  I 2 %  s tarch  in 0.05 M univa lent  buffer solut ion of p H  2 9 Samples  were 
sub lec ted  to  electrophoresls  for 2-4  h at  5 V/cm_ 

D,sc electrophoresm was carr ied out  on po lyac ry lamlde  as described b y  PEACOCK, 

BUNTING AND QUEEN 2s Prote in  s ta ining was done with  a 0_2% solut ion of Amldo  

Schwarz  in 7 ~o acetic acid 
Determinatzon of molecular wezght The molecular  weight  of the  pro te in  was 

de te rmined  b y  Sephadex  G-75 " c h r o m a t o g r a p h y "  as descr ibed b y  WHITAKER 26 and 
b y  ul t rasedimentat lon_ 

Sedimentatmn analysis was carr ied out  in a Splnco model  E ul t racent r i fuge  at  
20-22 ° wi th  the  Schlieren opt ica l  sys tem The samples  were sed lmented  in a syn the t i c  

b o u n d a r y  cell a t  59 780 r e v / r a i n  

RESULTS AND DISCUSSION 

A_ Assay 
As subst ra te ,  an aqueous emulsion of egg yolk  was used, p repared  b y  homogeniz-  

ing one egg yolk  in IOO ml of water_ Per  assay,  IO ml of the  yolk  emulsion was d i lu ted  
to 30 ml, the  final concent ra t ion  of sodium deoxychola te  and CaC12 being 2 7" lO-2 M 
and 6 .1o  3 M, respect ively.  Enzymlca l l y  released f a t t y  acids were au tomat i ca l ly  
t i t r a t e d  at  p H  8 o and 4 °o Under  these assay  condit ions,  the  reac t ion  followed es- 
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sentlally zero-order kinetics and a linear relationship was found between the veloclty 
of the enzymic breakdown and the amount  of enzyme used The curves obtained 
usually were linear for at least 3-4  rain reaction time. Act iv i ty  is expressed as the 
uptake of alkah m #equlv /mm.  Specific act ivi ty  is given by the n u m b e r  of #equiv  of 
alkali, consumed per rain, per mg of protem. Init ial ly,  pure egg lecithin was used as 
substrate,  bu t  this assay system possessed a rather  low sensi t ivi ty and required too 
large amounts  of purified phosphohpld. In  accordance with the findings of CONDREA, 
DE VRIES AND MAGER 27 and DAWSON 2s, na tu ra l  hpoprotein complexes, such as egg 

yolk emulsions, were found to give 5-1o times higher act ivi ty  in the assay and large 
amounts  of substrate  could be obtained without  any  purification being required. 
Moreover, under  the experimental  conditions of the assay, ,_e_ in the presence of 
sodmm deoxycholate and Ca 2+, other pancreatic enzymes such as pure fibonuclease, 
amylase, trypsin,  chynlotrypsm, hpase and carboxypeptldases A and B, appeared to 
be inactive or to possess such a low specific act ivi ty  toward  egg yolk hpoprotem that  
their con tnbu t ion  in the phosphohpase A assay could be neglected Pancreat ic  
cholesterol esterase and lysoleclthinase(s), which probably  might  also use egg yolk 
lipoprotems as substrate,  are known to be inhibi ted at least par t ia l ly  by sodium 
deoxycholate 2 and they are also known to be destroyed during the heat  t r ea tment  29 

In  the above assay system the enzyme has a ra ther  broad pH op t imum between 
7 9 and 8 4 and no definite temperature  op t imum has been determined,  between 27 ° 
and 5 2° act ivi ty  increases, bu t  above 45 ° the characteristics become less linear 
Increasing the  amount  of E D T A  added to the assay system caused a progressive 
d iminut ion  of enzyme activity,  resulting in complete inhibi t ion at an EDTA concen- 
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Fig I Influence of EDTA and Ca 2+ upon phosphohpase A act]vlty Further details are given m 
the text 

Flg 2 Increase m hpolytlc activity of a pancreatm homogenate upon storage at 22 °. Further 
details are given in the text 

B,ochzm Bzophys Acta, 159 (1968) lO 3 117 



PHOSPHOLIPASE A Io 7 

t ra t lon  of about  0-4 mM. Subsequent  supply of Ca 2+ fully restored the ini t ial  enzyme 
act ivi ty  at a Ca ~+ concentra t ion of 6-IO -s M (see Fig I) RIMON AND SHAPIRO 1 also 
found Ca 2+ to be required for the action of ox pancreatic phosphohpase A, whereas 
MAGEE et al ~ reported an inhibi tory  effect of Ca 2+ on h u m a n  pancreatic phosphohpase 
A in assay systems, con tammg deoxycholate Under  our assay conditions, the porcine 
enzyme appeared to be highly s t imula ted  by  the s imultaneous presence of Ca 2+ and 
deoxycholate These contradictory results on the influence of Ca 2+ and deoxycholate 
might  be caused by  the properties of the different enzymes investigated. However, the 
differences in the rather  complicated assay procedures used are beheved to be of 
greater significance Occasionally, the specificity of the assay procedure was checked 
by  incubat ion  of the enzyme preparat ion with synthet ic  mixed-acid leclthins Quant l -  
t a t lon  by  thin- layer  chromatography showed tha t  a good correlation exists between 
the amoun t  of alkali consumed in the assay and the degree of conversion of lecithin 
into I-acyl-sn-glycero-3-phosphorylchohne 

T A B L E  I 

PURIFICATION OF PHOSPHOLIPASE A 

5 o o  g o f  t h e  d e f a t t e d  p a n c r e a s  w e r e  h o m o g e n i z e d  f o r  3 m m  i n  a M S E - A t o m l x  w i t h  1 5 o o  m l  o f  
o 15 M N a C l  a n d  s t o r e d  f o r  2o h a t  22 ° 

Step Total Speczfic Yzeld 
actzwty act,vztv (%) 
(±o a umts) 

I Crude homogenate after storage 256 4 ioo 
2 Heat treatment at pH 4 o zo 5 - -  80 
3 Removal of precipitated material and floating fat by 

centrlfugatlon and filtration 175 7 69 
4 Dialysis 193 42 75 
5 o 40-o 6o-Satd (NH4)2SO a precipitate 15o 158 59 
6 Sephadex G-5o percolation 135 35 ° 53 
7 DEAE-cellulose 88 55 ° 34 
,q CM-cellulose 79 85o 31 

B_ Purification procedure (see Table I )  
5oo g of defatted porcine pancreas were homogenized for 3 mln  in a MSE Atomix 

with 15oo ml of o 15 M NaC1 and the homogenate was stored at 22-23 ° for 12-24 h 
In the presence of some toluene. As shown in Fig 2 enzymic act ivi ty  rose with t ime of 
autolysis and  after reaching its constant  m a x i m u m  value, the homogenate was brought  
to pH 4 o with conc HC1 and heated at 7 °0 for 3 mm. 

The mixture,  after being rapidly cooled to o °, was freed from insoluble mater ial  
by  cen tnfuga t lon  at 4000 r e v / r a m  for 30 mm in an IEC In te rna t iona l  centrifuge, 
model PR2 at o ° and the floating fat layer was removed by  filtration at 4 ° 

The clear yellow solution was dialyzed overnight  against  runn ing  tap water, 
cleared by  centr lfugation and subsequent ly  subjected to fractional precipi tat ion with 
solid (NH4)2SO 4 at pH 7 o and o ° After st irring for I h, the precipitate at o 4 ° satn was 
removed by  centr lfugatlon at 4000 rev. /mln for 30 m m  and the superna tan t  fluid was 
brought  to o 6 satn of (NH4)~SO 4. After centr lfugatlon for I h at o °, the precipitate was 

Bzochzm Bzophys Acta, 159 (1968) lO3-117 



1 0 8  G . H .  D E  H A A S  et al 

Phosphol,pasl A 
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F i g  3 E l u t l o n  p a t t e r n  o f  p h o s p h o h p a s e  A f r o m  a S e p h a d e x  G - 5  o c o l u m n  (7 ° c m  X 3 c m )  w i t h  
o 75 M N a C 1  - - - -  , a b s o r b a n c e  a t  28o  m # ,  - . . . .  , e n z y m e  u m t s / m l  

dissolved in the minimal amount  of o 75 M NaC1 and the shghtly turbid solution was 
cleared by  centrifugatlon at 2o ooo r e v / m i n  for 15 mln in a Sorvall superspeed centri- 
fuge, model RC 2-B The supernatant  fluid was "chromatographed"  at 4 ° over Sepha- 
dex G-5o using o 75 M NaC1 as eluent A typical  elution pat tern  is given in Fig 3 The 
enzymlcally active fractions were combined and freed of salt by  exhaustive dialysis, 
first against distilled water and subsequently against o o05 M Trls buffer (pH 8.o) 
The dlalysed solution was cleared by centrlfugatlon, vacuum-concentra ted  by  ultra- 
filtration and chromatographed on DEAE-cellulose at 4 ° The DEAE-cellulose was 
equilibrated against o oo5 M of Trls buffer (pH 8_o) and, after application of the sample 
to the column, cationic proteins were eluted wlth the same buffer. After appearance 
of the breakthrough peak, the remaining proteins were eluted by a linear gradient  
developed by use of o 3 M NaC1 in o oo5 M Tris buffer (pH 8 o) (see Fig 4) The effluent 
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fractions containing phospholipase A were combined, freed of salts by dzalysis at 
4 ° against o 005 M acetate buffer (pH 6.o) and vacuum-concentrated by ultrafiltration 
Rechromatography was performed on CM-cellulose equilibrated against the same 
buffer. The column was washed free of unabsorbed protein and a linear NaC1 gradient 
between o and o 4 M was developed In 0.005 M acetate buffer (see Fig. 5)- The enzyml- 
cally active fractions which possessed a constant specific activity were combined, 
exhaustively dialysed at 4 ° against distilled water and lyophlhzed. 

The yield at each purification step and the degree of purification is summarized 

in Table I. 

~bsorbance at 280m~ 
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F i g  5 E l u t x o n  p a t t e r n  o f  p h o s p h o h p a s e  A f r o m  a CM-ce l lu lose  c o l u m n  (5 ° c m  × 2 5 cm)  - - - -  
a b s o r b a n c e  a t  280 m p ,  - . . . .  , e n z y m e  u m t s / m l  

C Comments on the purzficat,on procedure 
A utolyszs perzod Homogenates of fresh pig pancreas appeared to exhibit a very 

low phosphohpase A activity. RIMOl~ AND SHAPIRO 1 previously reported that In ox 
pancreas phosphohpase A activity could be demonstrated only after storage of the 
tissue at --12 ° for at least 2 weeks Although we were unable to detect differences in 
phosphohpase A content between homogenates of fresh or frozen-stored pig pancreas, 
upon autolysis of homogenates at room temperature a large increase in activity was 
found, finally reaching a constant value (see Fag_ 2) This rise in enzyme activity might 
be caused by autolytlc solubihzatxon of the enzyme However, even after prolonged 
autolysis, it turned out that, upon low-speed centrifugatlon, most of the enzymic 
activity was found in the precipitate whereas only 25-30% of the hpolytic activity 
became solublllzed Moreover, the final high level of enzymic activity obtained by 
autolysis at room temperature could be reached much more quickly at 4 ° by the 
addition of a small amount of crystalhne trypsin to the fresh homogenates_ The nature 
of this activation is further discussed in the accompanying paper. 

Heat treatment Heat stabihty experiments, carried out for I-IO min between 
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pH values of 2 and 8, showed that most of the lipolytlc activity can be recovered by 
heating for 3 mm at pH 4 o and 7 o°. 

Centr@~gatzon and filtratwn. Denatured proteins and other insoluble material 
were removed by low-speed centnfugatlon and the floating fat layer separated by 
filtration of the supernatant fluid at 0-4 ° The filtration process has to be carried out 
at low temperature to avoid big losses of enzyme activity caused by adsorption of the 
enzylr.e to &spersed fatty material_ It  is very important to carry out the centrifugatlon 
and filtration at pH 4 o in order to avoid recombination between the enzyme and the 
hplds present and to keep the enzyme water soluble 

Initially, after the heat treatment at pH 4 o, we brought the pH of the homo- 
genate to 7 o before centrlfugatlon It  was thus found, in accordance with the reports 
of RIMON AND SHAPIRO 1 and MAGEE et al 2, that, upon centnfugatlon, all enzymic 
activity was bound to the insoluble material Treatment with sodium deoxycholate 
was required to solublhze the enzyme If this solution, after fractional (NH4)2SO 4 
preclpltatmn, was put on a Sephadex G-2co column, it appeared that the enzyme was 
eluted in two peaks, one at the void volume of the column, indicating a very high 
molecular weight, whereas the other enz)nlcal ly active peak was considerably 
retarded A comparable behavlour was plevlously reported by SARDA et al so for 
pancreatic hpase and these authols formulated the hypothesis that the so-called 
"rapid hpase" fraction, which is eluted at the void volume of Sephadex G-2oo, consisted 
of hpase associated with endogenous hplds Apparently, the low molecular weight 
protein (inol wt of pancreatic hpase is about 35 ooo) is strongly adsorbed to lipid and 
is eluted from Sephadex G-2oo in a position corresponding to the particle size of the 
hpld aggregates In accordance with these facts, we found, upon analysis of the hplds 
present in our "rapid phosphohpase A" fraction, considerable amounts of monoacyl 
phosphoglycendes, free fatty acids and some cholesterol esters As could be expected, 
repeated n-butanol extractions of "rapid phosphohpase A", according to the procedure 
of MORTON al, shifted the elutlon volume of the enzyme to that of the slow-moving 
phosphohpase A, whereas addition of synthetic I-acyl-sn-glycero-3-phosphorylchohne 
to slow phosphohpase A fractions restored the elutlon volume of the enzyme to the 
breakthrough volume found for "rapid phosphohpase A" Although the conversion of 
"slow phosphohpase A" into the rapid form by addltmn of synthetic lysoleclthm is 
accompanied by a 6-fold rise in specific activity of the enzyme, indicating a rather 
specific adsorption of phosphohpase A to the lipid mmelles, this procedure was not 
further investigated as a possible route of purification_ The final purificatmn of the 
enzyme on Ion-exchange columns required hpld-free proteins which makes n-butanol 
extraction of the liplds unavoidable_ In contrast to the formation of "rapid phos- 
phohpase A" from the slow form plus lysoleclthln, which proceeds in good yield, the 
sphttlng of the complex could be effected only by repeated n-butanol treatment finally 
giving a low yield of hpld-free enzyme_ Preference was therefore given to the experi- 
mental conditions of low pH, described above when apparently no reformation of 
"rapid phosphohpase A" occurs. 

D~alys~s. As may be clear from the specific activity shown in Table I, the dialysis 
procedure is very effective in removing low molecular weight peptldes probably 
originating from the autolysis period. The rise in total activity regularly encountered 
after dmlysls can not easily be explained 

Sephadex chromatography. Although chromatography of the 0_40-0.60 satd 
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(NHa)2SQ fraction on Sephadex G-5o gave a 2-fold purification of the enzyme in a 
high yield, this step, especially in larger-scale preparations, had to be omitted because 
of the rather low capacity of Sephadex columns. Usually in these cases DEAE-cellulose 
chromatography had to be carried out twice to get an end-product of the same purity. 

Fig 6 Disc-gel electrophorems of purified phosphohpase  A The protein was subjected to polya- 
crylamlde electrophoresls in o 38 M Tns  buffer (pH 8 15) under the s tandard  conditions de- 
scribed in detail by ORNSTEIN AND DAVIES a~ (80--1OO V/cm at  20 ° for 2 h, 5 mA/tube)  

D Propert,es of phosphohpase A 
Electrophoret, c analys,s Electrophoresis was carried out In starch gel as well as 

by the disc technique on polyacrylamlde25, 32 Using buffer systems of various pH values 
(pH 4-5-9) the purified protem revealed only one band, (see Fig 6). A plot of moving 
distance against pH under standardized conditions of voltage, ionic strength, time 
and current, showed the lsoelectric point of the protem to be 7 4. 

Am,no acid composition The amino acid composlhon of the protein is given in 
Table I I  Half-cystlne was also determined by the method of GOA 1~ (14 residues per 
molecule of phosphohpase A, assummg a tool wt of 14 ooo). A most stnkmg feature 
of the ammo acid composition appears to be the relatively high amount of aspartlc 
acid (plus asparagine) and the very high content of half-cystme p-Chloromercur:- 
benzoate titratlons at pH 4-6 and 7 o, even in the presence of 8 M urea or 5 M guam- 
d i e -  HC1, showed the absence of free SH- groups It  may be concluded, therefore, that  
the phosphohpase A molecule is cross-hnked by 7 disulphide bonds and devoid of 
cysteme sulphydryl groups. 
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T A B L E  I I  

AMINO ACID COMPOSITION OF PHOSPHOLIPASE A 

The results  g iven  are the  average  recoverles  of  two  ana lyses  after h y d r o l y s i s  of  phosphohpase  A 
for 24 and 48 h 

Amzno g residue Nearest Nearest Integral 
aczd per xoo g ~nteger znteger × number × 

protezn per I4 ooo g rmn mol tool wt of  
wt residue 

Asp*  19 08 23 13 869  2647  024  
Thr 4 57 7 15 47 ° 7 ° 7  728 
Ser 6 52 i o  13 300  870  780  
G l u  ° 6 62 7 13 65 ° 903  798 
Pro 4 46  6 15 486  582  684  
G l y  2 46  6 13 920  3 4 2 . 3 1 2  
Ala  4 05 8 14 ooo  568  624  
Val  i 55 2 13 300  198 260  

I 
C y s  9 52 14 14 9 8 0  1444 o 1 6  
Met i 76 2 14 9 0 0  262 392  
i l e  3 92 5 14 4 ° 0  565 780  
L e u  5 76 7 13 720  792 092  
Tyr  8 7 ° 8 14 9 6 0  13o5 36o 
Phe  5 27 5 13 95 ° 73 ° 81o  
L y s  8 o 4 9 13 860  1153 548  
H , s  3 13 3 13 1 4 °  411 420  
Arg 4 58 4 13 640  624  752 
Trlo* * - -  2 - -  372  412 

Tota l  128 14 15o 14483  792 

" As  no amide  conten t  has been de termined  these  va lues  represent  the  s u m  of  Asp + A s n  
and Glu + G l n  

** D e t e r m i n e d  s p e c t r o p h o t o m e t n c a l l y  according to the  m e t h o d  o f  BENCZE AND SCHMID 15 

Molecular weight. The molecular weight of the protein was calculated from 
(a) sedimentat ion analysis, (b) Sephadex filtration z6 and (c) the amino acid compo-  
sition. 

(a) The sed lmentahon pattern observed in the ultracentrxfugatxon at the various 
concentrations analysed showed only one symmetr ica l  peak The extrapolated value 
at zero concentration for s20 ' w was 2 17 S and the extrapolated value for the diffusion 
constant,  Da0 ' w, was I 36.  lO -6 cm ~.sec.  The partial specific vo lume (~) calculated a3 
from the known amino acid composit ion was o 71 cm a- g-1 and the calculated molecular 
weight  is therefore 13 500 ± 5 % 

(b) Fig 7 gives the calibration graph of the elutlon vo lume of standard proteins 
against the logarithm of their molecular weight  from a Sephadex G-75 column. The 
elution vo lume of phospholipase A (v/v o × IOO = 244 4- 3) indicates a molecular 
weight  of 13 900 ~- 45 o. 

(c) The molecular weight  of phosphohpase A, calculated from the amino acid 
composit ion,  is 14 15o (Table II) .  

Terminal  amino acids Pancreatic phosphohpase A was found to possess only 
one amino-terminal  amino acid, alanme. Quantltation of the amino acid by the dlnitro- 
phenylatlon technique 17 and by the Edman degradation ls,~9 yielded o 85 mole  and 
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T A B L E  I I I  

D E T E R M I N A T I O N  OF T H E  M O D E  OF ACTION OF P H O S P H O L I P A S E  A F R O M  P O R C I N E  P A N C R E A S  B Y  

H Y D R O L Y S I S  OF S Y N T H E T I C  M I X E D - A C I D  P H O S P H A T I D E S  

Substrate Degree 
of 
hydro- 
lys~s 
(%) 

Fatty acid composzt*on of hydrolyszs products" 

L,berated fatty ae*ds Lyso compound 

2-Stearoyl-3-oleoyl-sn-glycero-  i-  
p h o s p h o r y l c h o h n e  o 

rac- I -Palml toyl -2-o leoyl -sn-g lycero-  97 % 
3 -phosphory l chohne  5 ° 3 % 

i -Oleoyl-2-s tearovl -sn-glycero-  3- ioo % 
p h o s p h o r y l c h o h n e  i oo o % 

I -Oleoyl -2-butyry l -sn-g lycero-3-  i oo % 
p h o s p h o r y l c h o h n e  i oo o % 

i-Butyryl-2-oleoyl-sn-glycero-3- 97 % 
p h o s p h o r y l c h o h n e  i oo 3 % 

I-Oleoyl-2-1solauroyl-sn-glycero-  I oo % 
3-phosphory l  e t h a n o l a m l n e  ioo o % 

i -Pa lml toyl -2-o leoyl -sn-g lycero-  3- IOO % 
phospho ry l  e t h a n o l a m m e  IOO o % 

I -Pa lml toy l -2-hnoleoyl - sn-g lycero-  97 % 
3-phosphory l  e t h a n o l a m m e  ioo 3 % 

i -Oleoyl-2-molauryl-sn-glycero-3-  95 % 
phospho r  yl-rac- i '-sn -glycerol I oo 5 % 

olelc acid lOO% p a l m l h c  acid 
pa lmi tm  acid o% oleic acid 
s tearlc  acid 96% olelc acid 
olelc acid 4 %  stearlc  acid 
bu ty r i c  acid lOO% olelc acid 
olelc acid o %  bu ty r i c  acid 
olelc acid 97 % butyr ic  ~cld 
bu ty r i c  acad 3 % olelc acid 
lsolaurlc acid lOO% olelc acid 
olem acid o % l so launc  acid 
olelc acid ioo % palmlt~c acid 
pa lml t lc  acid o % olelc acid 
hnolelc acid i o o %  pa lml t lc  acid 
palmltlC acid o %  hnolem acid 
l so launc  acid 98 % olelc acid 
olelc acid 2 % lsolaurlc acid 

" The  f a t t y  acid compomt lon  of t he  free f a t t y  acid f ract ion and  lyso compound ,  prev ious ly  
s epa ra t ed  by  th in - l aye r  c h r o m a t o g r a p h y ,  were de t e rmined  by  gas h q m d  c h r o m a t o g r a p h y  

0-35 mole of alanine, respectively, for I mole of phospholipase A Efforts to spht off the 
carboxyl- terminal  amino acid of the protein with DFP- t rea ted  carboxypeptldases A 
and B were unsuccessful even in the presence of dena turmg agents like urea or guam- 
dine-HC1 or after performlc acid oxidation of the protem However,  hydrazmolysis  
of the oxidized protein according to the method of BRAUNITZER s revealed the presence 
of cystelc acid, indicating tha t  cystlne or cysteine occupies the C-termmal position 
As the enzyme appeared to be devoid of cysteine sulphydryl  groups (see the section on 
amino acid composition), we tentat ively co0clude that  cystine is the C-terminal ammo 
acid of phospholipase A 

Heat stabihty The low molecular weight and high degree of linkage by  disulphide 
bonds are in accordance with the spherical shape of the molecule as determined in the 
ultracentrifuge, and undoubtedly  contribute to the very  high stability of the enzyme 
against heat  and denaturing agents such as urea and guanidlne-HC1. The enzyme 
resists boiling for 5 rain at pH  4.0 and even after t rea tment  for I h at 98° about  45% 
of the initial act ivi ty  is still present. Upon storage of the enzyme in the presence of 
8 M urea at 20 ° virtually no decrease m act ivi ty was observed after 22 h. 

Inhibition of the enzyme A number  of common metal  ions were investigated for 
their inhibitory effect on phospholipase A act ivi ty  As shown m Fig 8, relatively strong 
inhibitions were found only for Zn ~+, Cd 2÷ and Pb 2+. Under these conditions Cu 2+, 
Ag ÷, Ba 2+, Hg  z+, F -  and CN-  at IO -a M give less than 20% inhibition of enzyme 
activity.  E D T A  strongly inhibits through its ability to complex with Ca ~+ (see Fig. I) 
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Fig 7 Diagram showing the relationship between the logari thm of the molecular weight and 
elutlon volume (V), th rough  a Sephadex G-75 column (75 cm × 3 cm) wtth o 75 M NaC1 The 
dead volume (Vo) was determined with Dex t ran  blue zooo (i) Ribonuclease A, mol wt  13 7oo, 
(2) pancreatic phosphohpase  A, (3) bee venom phospholipase A, mol wt  19 7oo (ref 42), (4) 
cz-chymotrypsin, mol wt  2z 5oo, (5)pepsin,  tool wt 35 5 °° ,  (6) porcine pancreatlc hpase, 
m o l w t  38ooo (ref 3 ° ) 

Fig 8 Inhibi t ion of phosphohpase  A activity by various runs Curve i, F- ,  CN , Fe ~+, Mg ~+, 
Cu 2+, Ag+; Curve 2, Ba 2+, Curve 3, Hg 2+, Curve 4, UO2+, Curve 5, Mn2+, Curve 6, Co 2+, Curve 7, 
Cd2+, Zn°-+, pb2+ 

So far we have not been able to find experimental conditions under which dlethyl-p- 
nltrophenyl phosphate (E 6oo) or DFP inhibits the enzyme 

The enzyme exhibits a typical protein spectrum with a maximal absorbance at 
28o m#, a mlmmal absorbance at 253 m/~ and a ratio of absorb ances A 28o m . / A  260 mu = 

1-72, (A2s0 ml*/A2sa ma = 1-97)- 

Substrate requirements and specificity of  the enzyme With the exception of 
phosphatidyl lnositol which was isolated from yeast z4, all other phosphohplds investi- 
gated were obtained by de novo syntheses already reported 1°,3~-4° 

Table I I I  gives the results of enzymatic hydrolysis of several synthetic phos- 
phatldes contalmng different fatty acids The incubation system contained IO mg of 
phosphohpld and 3 mg of sodium deoxycholate dispersed in I ml of o I M borate buffer 
(pH 7 2) ([Ca2+~ = 5 lO-2 M) with the aid of a few drops of ether. The purified enzyme 
(specific activity about 800) was added in amounts of 5 ° /zg  and incubations were 
carried out at 25 ° for o 5-2 h. The degree of breakdown was followed by thm-layer 
chromatography 

Apparently, the porcine pancreatic phosphohpase A liberates from 3-sn- 
phosphatidyl choline, 3-sn-phosphatldyl ethanolamme and 3-sn-phosphatldyl glycerol 
the fatty acid esterified at the 2-position, while the 1-bound fatty acid remains within 
the corresponding lysocompound_ No preference of the enzyme for fat ty acid chain 
length and saturation or unsaturation could be detected The enzyme acts highly 
stereospecifically The sn-g lycero-I -phosphory l  isomers are not hydrolysed at all and 

Bzochzm. Bzophys. Acta, i59 (i968) i o 3 - I I  7 



PHOSPHOLIPASE A 115 

racemlc substrates are broken down 5o0/0 . In this respect the porcine enzyme behaves 
very similarly to phosphohpase A from snake venom as. Large differences between both 
enzymes were found, however, by studying the velocity of breakdown of various 
substrates_ Whereas the snake venom phosphohpase A slowly attacks very acidic 
phosphohpids and becomes more active only upon addition of positively charged 
amphiphatic molecules ag, the reverse situation is found for the pancreatic enzymes. 
In accordance with our previous reports on the substrate requtrements of phos- 
pholipase A from human pancreas 5, the porcine enzyme also attacks the neutral 
leclthm molecule rather slowly Addition of deoxycholate to the lecithin dispersion, 
which presumably makes the substrate more negatively charged, greatly enh~rlced 
the activity of the enzymes In support of this idea is the high susceptibility towards 
the enzyme of anionic phosphohplds such as phosphatldtc acid and Its monomethyl 
ester, phosphatldyl glycerol, cardiohpm and, to a lesser degree, also phosphatldyl 
serlne and phosphatldyl ethanolamme With these substrates, addition of deoxycholate 
though improving the quahty of the dispersion, had either no stlmulatory effect 
(phosphatldyl ethanolamlne) or even inhibited the breakdown (phosphatldic acid, 
cardiohpm). I t  has to be kept in mind, however, that deoxycholate is a rather specific 
activator. It  can not be replaced by other negatively charged detergents such as sodium 
dodecyl sulphate or sodium taurocholate and its stimulating effect on lecithin hydro- 
lysls even depends on the type of lecithin used Although we found that all long-chain 
lecithms investigated so far are hydrolysed much more quickly in the presence of 
deoxycholate, it turned out that this detergent slightly inhibits the hydrolysis by 
pancreatic phospholipase A of 2-acyl-lysolecithms and leclthins containing butyric 
acid and oleic acid 

Under incubation conditions which allow a complete hydrolysis of anionic 
phosphohpids such as phosphatldlc acid, phosphatldyl glycerol and cardlolipin (5 mg 
of phosphatlde in I ml of o I M Calcium borate buffer (pH 7.1) was incubated at 37 ° 
for 60 rain with 2 pg of purified phosphohpase A), no hydrolysis was observed with the 
following compounds : 2-acy] lysoleclthm, glycol analogues of lecithm and phosphatldyl 
ethanolamlne and leclthlns belonging to the E-series in which the phosphoryl nitroge- 
nous moiety is attached at the secondary glycerol -OH group. In principle, these hpids 
can be hydrolysed by pancreatic phospholipase A by using prolonged mcubatlon 
periods and IO-IOO times more enzyme These hydrolyses are still incomplete, however, 
and progress very slowly. Sphmgomyehn fully resisted enzymic breakdown In ac- 
cordance with the findings for snake venom phospholipase A, the pancreatic enzyme, 
too, requires for its activity at least one free phosphate ionlsatlon. Blocking of this 
final phosphate -OH group, e g. in phosphorus trlesters, makes the compound unac- 
ceptable as a substrate for the enzyme. 

Summarizing these results, we may conclude that the mammalian enzyme and 
the phosphohpase A from snake venom both require the same minimum structural 
elements to exert their action, that is, a fat ty acid ester bond in a position adjacent 
to the alcohol phosphate ester bond: 

I 
R--C--O-- CH 

II o 
o II 

HC--C--P--O-- 
I I 

O- 
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However, in contrast to the snake venom enzyme, porcine pancreatic phospholipase A 
preferentially attacks amonlc phosphohplds. This finding confirms earlier reports of 
RIMON AND SHAPIR01 and MAGEE et al 2, who investigate the enzyme derived from ox 
and human pancreas, respectively The phosphohpase A from snake venom (Crotalus 
adamanteus) has been purified by SAITO AND HANAHAN 41. Two proteins with enzymatic 
activity were obtained which were chromatographically separable and differed m their 
electrophoretic mobility and isoelectrlc points The proteins which exhibited a similar 
positional specificity--identical to that of the pancreatic phosphohpase described 
here--had similar sedimentation constants The molecular weight was estimated to 
be in the range of 30 000-35 ooo, thus being at least twice that of the pancreatic 
enzyme 
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