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Summary 

Phospholipase A2 present in a highly purified, potently bactericidal, fraction 
from rabbit granulocytes produces net bacterial phospholipid degradation dur- 
ing killing of a phospholipase A-less strain of Escherichia coli. In the wild-type 
parent strain phospholipid breakdown is caused not only by the action of phos- 
pholipase A2 but also by phospholipase AI, indicating activation of the most 
prominent phospholipase of E. coli. This activation occurs as soon as the 
bacteria are exposed to the granulocyte fraction. Phospholipid breakdown by 
both phospholipases A is dose dependent but reaches a plateau after 30--60 
min and at higher concentrations of the fraction. 

Phospholipid degradation is accompanied in both strains by an increase in 
permeability to actinomycin D that is also dose dependent. Even though net 
hydrolysis of phospholipids is greater in the parent strain than in the mutant, 
the increase in permeability is the same in the two strains. 

The addition of 0.04 M Mg 2., after the effects on phospholipids and permea- 
bility have become manifest, initiates in both strains the restoration of insensi- 
tivity to actinomycin D, the net resynthesis of phospholipids, and the disap- 
pearance of monoacylphosphatides and the partial disappearance of free fatty 
acids that had accumulated. Loss of ability to multiply is not reversed by Mg 2÷ 
in either strain. Less than 5 pg of granulocyte fraction causes loss of viability of 
from 90 to 99% of 1 × 108 microorganisms of both strains. However, at lower 
concentrations the parent strain is considerably more sensitive to the bacterici- 
dal effect of the granulocyte fraction than the mutant strain. 

* To w h o m  c o r r e s p o n d e n c e  s h o u l d  be  addressed .  
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Introduction 

Rapid killing of E. coli W by highly purified fractions from rabbit poly- 
morphonuclear leukocytes is accompanied by almost immediate alterations of 
the bacterial envelope, namely a discrete increase in permeability and degrada- 
tion of phospholipids [1,2]. These purified fractions contain phospholipase A2 
activity. However, since E. coli also possess a phospholipid-degradative appara- 
tus [3--5], that  can become activated under conditions adverse to the micro- 
organism [6--8] the participation of the granulocyte phospholipase in the 
attack on the membrane phospholipids was uncertain. 

In order to determine whether the phospholipid degradation that accompa- 
nies killing by the purified granulocyte graction is wholly or in part caused by 
the phospholipase A2 activity of the granulocyte fraction, or attributable to 
activation of endogenous phospholipases, we compared the effects of  the 
granulocyte fraction on an E. coli mutant  devoid of demonstrable phospholip- 
ase activity with those on a parent (Kt2) E. coli strain endowed with a phospho- 
lipid-degradative apparatus typical for E. coli [3,4]. We find that  killing of both 
strains by the granulocyte fraction is accompanied by phospholipid hydrolysis 
and increased permeability. Whereas in the mutant  phospholipid hydrolysis can 
be ascribed almost exclusively to phospholipase A2 action, hydrolysis of phos- 
pholipids in the parent strain is also the consequence of phospholipase Aj acti- 
vity. These results indicate that  the granulocyte phospholipase A2 does attack 
the membrane phospholipids of intact E. coli and that  activation of endogen- 
ous phospholipase A1 of the bacteria can further contribute to hydrolysis. 

Materials and Methods 

Preparation of  granulocytes. Polymorphonuclear leukocytes were obtained 
from overnight, sterile peritoneal exudates produced in rabbits by injection of 
glycogen in physiological saline as described previously [9], except that  no 
heparin was added to the collection flask. More than 95% of the cells were 
granulocytes as judged by differential cell count. The cells were sedimented by 
centrifugation at 50 × g for 10 min and resuspended in the desired medium. 

Preparation of  purified fractions. Purification of sulfuric acid extracts of 
polymorphonuclear  leukocytes by carboxymethyl-Sephadex chromatography 
was carried out  as recently described in detail [1]. The extent  of purification 
achieved has ranged in different preparations from 200- to 400-fold with a 
yield from 40 to 80%, using biological activity in whole homogenate as refer- 
ence [1]. These preparations from hereon will be referred to as granulocyte 
fraction. 

Bacteria. E. coli strains S~s and S~ (F -~ thi ~ leu ~ thr I lac I meP) were kindly 
donated by Prof. S. Nojima, Department of Chemistry, National Institute of 
Health, Tokyo,  Japan. The absence of both detergent-resistant and detergent- 
sensitive phospholipase A activities in S~v [10,4] was confirmed by heat (60°C) 
t reatment  and spheroplast formation, procedures which activate the bacterial 
phospholipases [11]. Both strains were grown in minimal medium buffered 
with triethanolamine at pH 7.75--7.9 [7]. The bacteria used were obtained 
from overnight cultures that  were transferred to fresh medium and subcultured 
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for approximately 3.5 h at 37 ° C. At this time the bacteria were sedimented by 
centrifugation at 10 000 X g for 10 min and resuspended in sterile isotonic 
saline in the desired concentration. 

Assay for permeability changes. The effect of  the purified granulocyte frac- 
tion on the permeability of the envelope of E. coli was examined by determin- 
ing the susceptibility of  E. coli to actinomycin D, an agent that normally does 
not  cross E. coli's permeability barrier [12]. An effect on the microbial barrier 
was measured by determining the effect of the granulocyte fraction on [~4C]- 
leucine incorporation into bacterial protein in the presence and absence of 
act inomycin D as described previously [13].  A typical incubation mixture 
contained 10 s E. coli (S15 or  S17) in a total volume of 0.25 ml of sterile physio- 
logical saline that also contained 10 pmol of  Tris/maleate buffer at pH 7.5, 25 
pl of  Hank's solution (Hank's balanced salt solution (without  phenol red) Micro- 
biological Associates, Inc., Bethesda, Md.), 250 pg of  casamino acid (Difco 
Laboratories, Detroit,  Mich.) and the granulocyte fraction in the concentration 
indicated. L-[1-14C]leucine (0.063 pCi, 0.13 mM) (ICN Corp., Chemical and 
Radioisotopes Div., Irvine, Calif.) was added and the samples were incubated at 
37°C for 30 min in the presence or absence of 12.5 pg actinomycin D. The 
reactions were stopped by the addition of  3.0 ml of ice-cold 10% trichloracetic 
acid and the mixtures were filtered and counted as recently described [13]. 

Labeling o f  E. coli phospholipids. Bacterial phospholipids were labeled dur- 
ing growth in subculture. Aliquots of an overnight culture of either strain 
grown in triethanolamine medium as described above were diluted 1 : 10 in 
fresh medium. After incubation for 2 h at 37°C, aliquots of the subculture 
were transferred to flasks containing 0.2 pCi/ml of [1-J4C]palmitic acid or 
[1-14C]oleic acid (specific activity 59.9 Ci/mol; Amersham Searle Corp., Arling- 
ton Heights, Ill.) complexed with 0.02% bovine serum albumin (fat ty acid 
poor,  Fraction V, Pentex, Miles Research Products, Elkhart, Ind.). After incu- 
bation for 30 min at 37°C, the bacteria were sedimented by centrifugation at 
10 000 X g for 10 min, resuspended in fresh triethanolamine medium, and 
reincubated for 30 min to permit the remaining unincorporated labeled precur- 
sor to be incorporated. The labeled bacteria were washed with 2% albumin and 
resuspended in saline. 

The position of  the incorporated labeled fat ty  acids was determined as previ- 
ously described [14].  Lipids, extracted from the two strains, labeled during 
growth, were hydrolyzed by treatment  with boiled Vipera russelli venom phos- 
pholipase A2. Of the subsequently isolated radioactive products of hydrolysis ,  
more than 90% were monoacylphosphatides in the case of palmitic acid-labeled 
E. coli and more than 95% were free fat ty  acids in the case of oleic acid-labeled 
bacteria. 

Lipid extraction and fractionation. Lipids were extracted according to the 
procedure of Bligh and Dyer [15].  The removed aqueous methanolic upper 
phase was washed once with 0.5 vol. of  CHC13 to optimize recovery of  mono- 
acylphosphatides. The combined CHC13 extracts were dried under a nitrogen 
stream, redissolved in 0.1 ml CHC13/CH3OH (2 : 1) and transferred to commer- 
cial silica gel F 254 plates (Brinkman Instruments, Westbury, N.Y.). Monoacyl- 
phosphatides, diacylphosphatides and fat ty acids were separated in a solvent 
system consisting of  chloroform/methanol/dist i l led water/glacial acetic acid 
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(65 : 25 : 4 : 1, v/v). Lipid species were identified by comparison of Re with 
that  of authentic standards after visualization following exposure of the plates 
to iodine vapors. Liquid scintillation counting of thin-layer fractions scraped 
off  the plates into counting vials was carried out as described previously [16]. 

Viable counts. At the indicated times, 10 pl samples were taken from the 
incubation suspension, serially diluted in sterile isotonic saline and plated on 
nutrient agar. After incubation overnight at 37°C the number of colony form- 
ing units on the plates was determined. 

Results 

Effect  o f  granulocyte fraction on viability o f  S,s and $1~. Fig. 1 shows that  
greater than 90% killing of 10 ~ organisms occurs during incubation of either 
strain with less than 5 pg of granulocyte fraction. However, the parent strain is 
more sensitive to this bactericidal effect. Thus, 1--2 pg of the granulocyte frac- 
tion has little or no effect on the viability of the mutant  strain ($1~) but causes 
a reduction in colony formation by the parent strain (Sjs) of at least one log. 

Degradation o f  E. coli phospholipids during incubation with grauulocyte 
fraction. To determine phospholipid degradation the bacterial phospholipids 
were radioactively labeled during growth either with [1-~4C]palmitic acid or 
with [1-14C]oleic acid. In both strains more than 90% of [~4C]palmitic acid 
radioactivity is incorporated into the 1-position of the major E. coli phospho- 
lipids, phosphatidylethanolamine and phosphatidylglycerol; of [14C]oleic acid 
more than 90% appears in the 2-position [2,5]. Hence analysis of the labeled 
products of hydrolysis (free fa t ty  acids and monoacyl  phosphatides) should 
reveal whether degradation is mainly attributable to phospholipase Ai or to 
phospholipase A2 activity. This prediction only holds of course if deacylation 
of the formed monoacylphosphatides by lysophospholipase activity does not 
occur to any great extent. In the present and previous studies of phospholipid 
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Fig .  1.  E f f e c t  o f  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  g r a n u l o c y t e  f r a c t i o n  o n  v i a b i l i t y  o f  E. coli  (S15 o r  S I  7).  
1 X 108  E .  co l i  (S I 5 o r  S I 7 )  w e r e  i n c u b a t e d  a t  3 7 ° C  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  g r a n u l o c y t e  f r ac -  
t i o n  in  t h e  s t a n d a r d  i n c u b a t i o n  m i x t u r e s  ( 1 0  t t m o l  o f  T r i s / m a l e a t e  b u f f e r  a t  p H  7 . 5 ;  2 5  pl o f  H a n k s '  so lu -  
t i o n ;  2 5 0  t tg  o f  c a s a m i n o  a c i d s ,  in  a t o t a l  v o l u m e  o f  0 . 2 5  m l  o f  s t e r i l e  p h y s i o l o g i c a l  s a l i n e ) .  A f t e r  i n c u b a -  
t i o n  f o r  3 0  r a i n ,  an  a l i q u o t  w a s  t a k e n  a n d  c o l o n y - f o r m i n g  u n i t s  w e r e  d e t e r m i n e d  as  d e s c r i b e d  in M a t e r i a l s  

a n d  M e t h o d s .  T h e  so l i d  l ine  r e p r e s e n t s  i n c u b a t i o n  o f  S 1 S, t h e  b r o k e n  l i ne ,  o f  S 17.  T h e  r e s u l t s  s h o w n  
r e p r e s e n t  t h e  m e a n  o f  f o u r  c l o s e l y  s i m i l a r  e x p e r i m e n t s .  
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Fig. 2. E f fec t  of  increasing c o n c e n t r a t i o n s  of  g r a nu loc y t e  f rac t ion  on  d eg rad a t i o n  of  E. col i  (S 15 or  $17)  
phosphol ip ids .  Of E. co l i  popu l a t i ons  (S 15, solid line; S 17, b r o k e n  line) labeled dur ing  g r o w t h  wi th  (a) 
[ 1_14 C] pa lmi t ic  acid or  (b) [ 1-14 C] oleic acid as descr ibed  in Materials  and Methods ,  1 X 108 mic roo rgan -  
isms were  i ncuba t ed  at  37°C  for  30  rain wi th  increasing c o n c e n t r a t i o n s  of  g r an u lo cy t e  f rac t ion  in the  
s t anda rd  i ncuba t ion  mix tu re .  A m o u n t s  of  d i acy lphospha t ides  A; m o n o a c y l p h o s p h a t i d e s  i ;  and free f a t ty  
acids o, are s h o w n  as p e r c e n t  of  to ta l  lipid rad ioac t iv i ty .  Resul ts  s h o w n  represen t  the  m e a n  of  th ree  
expe r imen t s .  To ta l  lipid rad ioac t iv i ty  pe r  sample  ranged  f r o m  10 0 0 0 - - 2 5  0 0 0  c p m  in d i f f e ren t  exper i -  
men t s .  In a given e x p e r i m e n t  r ecovery  of  rad ioac t iv i ty  was a p p r o x i m a t e l y  the  same for  each  sample .  Indi-  
v idual  samples  con t a i ne d  a p p r o x i m a t e l y  2 n m o l  of  phosphol ip id .  

breakdown during killing of  E. coli by granulocytes or granulocyte fractions, 
formation of  labeled diglyceride has never been detected,  indicating that phos- 
pholipase C activity does not  contr ibute to hydrolysis. 

No detectable net phospholipid hydrolysis occurs during incubation of  the 
two prelabeled strains in the absence of granulocyte fraction (not shown). In 
the presence of granulocyte fraction, however, breakdown of the phospholipids 
of both  strains is readily apparent (Fig. 2). The labeled products formed during 
hydrolysis of [14C]palmitate and [14C]oleate prelabeled Sis and $17 exposed to 
granulocyte fraction are different. Radioactive free fat ty acids as well as mono- 
acylphosphatides accumulate during incubation of [ 14C] palmitate labeled $1 s, 
but  the radioactive products  formed during incubation of  [14C]palmitate 
labeled $17 are almost exclusively monoacylphosphatides (Fig. 2a). The degrada- 
tion of  [ 14 C] oleate prelabeled Sis again leads to accumulation of both radioac- 
tive free fat ty acids and monoacylphosphatides,  but  in the case of  [14C]oleate 
labeled $17 almost solely to the appearance of labeled free fat ty acids {Fig. 2b). 
Thus, whereas hydrolysis of  the phospholipid in $17 is almost totally restricted 
to the 2-acyl position, the phospholipids in $15 are degraded at both  acyl loca- 
tions. These results are consistent with the absence of endogenous phospholip- 
ase A1 activity in the mutant  strain [4,10] and suggest action of the exogenous 
granulocyte phospholipase A2 on the E. coli phospholipids. The greater net 
hydrolysis in the parent strain is largely attributable to the additional break- 
down at the 1-acyl position. In both organisms, exposure to higher concentra- 
tions of  granulocyte fraction causes more extensive phospholipid degradation. 
In Sis hydrolysis at both  fat ty  acid positions is increased. However, at higher 
concentrations of granulocyte fraction, accumulation of labeled monoacylphos- 
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phatides is less pronounced than of  free fat ty acids, indicating further deacyla- 
tion. 

The time course of net degradation of the envelope phospholipids of S,~ and 
SiT during exposure to 3.5 pg of granulocyte fraction is shown in Fig. 3. Degra- 
dation reaches a plateau in 30 min. In Sis ( top portion of Fig. 3), labeled either 
with [14C]palmitic acid or with [ '4C]oleic acid, radioactive monoacylphospha- 
tides accumulate during the first 15 min and decrease thereafter. Radioactive 
fat ty  acids continue to accumulate for an additional 15 min. A decrease in 
monoacylphosphat ide  radioactivity with a corresponding increase in radioactive 
free fat ty  acids is also apparent in [ '4C]palmitic acid labeled Sj7 (bot tom of 
Fig. 3) after 30 min, when net hydrolysis has stopped. Because the highly puri- 
fied granulocyte fraction is devoid of detectable lysophospholipase activity (un- 
published observations), it follows that bacterial lysophospholipase activity 
participates in degradation of envelope phospholipids of the parent strain as 
well as the phospholipase A-less mutant.  These findings are consistent with the 
recent report  of Doi and Nojima [17],  showing that extracts of three mutants  
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Fig.  3. T i m e  cou r se  of  d e g r a d a t i o n  of  E. col i  (S 15 or  S 17) p h o s p h o l i p i d s  d u r i n g  i n c u b a t i o n  wi th  g ranu lo-  
c y t e  f r a c t i o n ;  e f f e c t  o f  Mg 2+. O f  labe led  E. col i  (S l 5 or  $ 1 7 )  (see Mater ia ls  and  M e t h o d s  and  l egend  to 

Fig.  2) 1 X 108 m i c r o o r g a n i s m s  were  i n c u b a t e d  a t  3 7 " C  w i t h  3 .5  pg of  g r a n u l o e y t e  f r ac t i on  in the  s tan-  

da rd  i n c u b a t i o n  m i x t u r e .  MgC12 (40  m M  final  c o n c e n t r a t i o n )  was  a d d e d  whe re  i nd i ca t ed .  The  solid line 
r e p r e s e n t s  i n c u b a t i o n  b e f o r e  Mg 2+ a d d i t i o n ,  the  b r o k e n  l ine i n c u b a t i o n  a f t e r  Mg 2+ add i t i on .  F o r  o t h e r  
s y m b o l s  and  e x p l a n a t i o n s  see l egend  of  Fig .  2. Resu l t s  are e x p r e s s e d  as p e r c e n t  of  to ta l  l ipid r a d i o a c t i v i t y  

and  r e p r e s e n t  the  m e a n  o f  t w o  e x p e r i m e n t s .  

Fig.  4. E f f e c t  o f  i nc reas ing  c o n c e n t r a t i o n s  o f  g r a n u l o c y t e  f r ac t i on  on sens i t iv i ty  o f  E. coli  (S 15 or  S 17) to  

a c t i n o m y c i n  D. Of  s t r a in  S 15 (sol id l ine) o r  S 17 ( b r o k e n  l ine) I X 108 o r g a n i s m s  were  i n c u b a t e d  w i t h  increas-  
ing  c o n c e n t r a t i o n s  o f  g r a n u l o c y t e  f r a c t i o n  in the  p r e sence  (open  s y m b o l s )  and  absence  (c losed s y m b o l s )  o f  
a c t i n o m y c i n  D as desc r ibed  in Mater ia l s  and  Me thods .  I n c o r p o r a t i o n  o f  [ l ~ C ] l e u c i n e  in to  cold  t r i ch lo ro -  
ace t ic  ac id -p rec ip i t ab le  m a t e r i a l  is e x p r e s s e d  as p e r c e n t  o f  i n c o r p o r a t i o n  by  E. col i  i n c u b a t e d  a lone  for  
30  ra in  ( 4 0 0 0  c p m ;  4 n m o l ) .  Resu l t s  s h o w n  r e p r e s e n t  the  m e a n  of  f o u r  c losely  s imi la r  e x p e r i m e n t s .  
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of E. coli lacking phospholipase A contain lysophospholipase activity towards 
micellar substrates. 

Effect of granulocyte fraction on permeability of the envelopes of Sis and 
S~7. Like other strains of E. coli [12,18] both S~s and S~7 are normally imper- 
meable to the antibiotic actinomycin D. Thus, during incubation with the bac- 
teria, the drug cannot interact with the bacterial DNA and therefore does not 
inhibit macromolecular (including protein) biosynthesis. However, when either 
strain is exposed to the granulocyte fraction, incorporation of [14 C]leucine 
into cold trichloroacetic acid-precipitable material, only slightly reduced in the 
absence of actinomycin D, is markedly reduced in its presence (Fig. 4). This 
reflects the increased permeability of the microbial envelope to the antibiotic 
[18]. Incubation of either strain with higher concentrations of the granulocyte 
fraction increases the susceptibility of the bacteria to actinomycin D. Whereas 
the effect of the granulocyte fraction on net phospholipid hydrolysis is greater 
in the parent strain, its effect on the sensitivity of the two strains to actinomy- 
cin D is the same at all concentrations of granulocyte fraction tested. 

Reversal of effects of granulocyte fraction on the envelopes of S~s and $17 
during incubation with Mg 2+. We have shown that the effects of the granulocyte 
fraction on both the envelope phospholipids and permeability of E. coli W can 
be reversed during subsequent incubation of the treated bacteria with Mg2t 
Loss of ability to multiply is irreversible, however [2]. Restoration of the per- 
meability barrier to actinomycin D appears to be linked to removal of the phos- 
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Fig .  5.  T i m e  c o u r s e  o f  r e s tora t ion  b y  E. coli S I  a n d  S17  o f  p e r m e a b i l i t y  b a r r i e r  to a c t i n o m y c i n  D u p o n  
a d d i t i o n  o f  M g  2+. O f  S i s  (a )  o r  S I ?  (b )  1 X 1 0  ~ e " . o . . b a c t  n a  w e r e  p r e i n c u b a t e d  for  1 5  m * n  a t  3 7  C w*th  1 . 0  
p g  (o ,  o ) ,  2 . 0  # g  (4 ,  ~)  o r  4 . 0  p g  ( m  cA) o f  g r a n u l o c y t e  f rac t ion  in t h e  s t a n d a r d  i n c u b a t i o n  m i x t u r e .  S u b s e -  
q u e n t l y ,  MgC12 ( 4 0  m M  f ina l  c o n c e n t r a t i o n )  w a s  a d d e d  a n d  i n c u b a t i o n  w a s  c o n t i n u e d  for  t h e  i n d i c a t e d  
p e r i o d s  o f  t i m e  at  3 7  ° C b e f o r e  [ 1 4 C ] l e u c i n  e + a c t i n o m y e i n  D w e r e  a d d e d .  E a c h  s m a p l e  w a s  t h e n  i n c u b a t e d  
at 3 7 ° C  f o r  3 0  r a i n  a n d  s u s c e p t i b i l i t y  to  a c t i n o m y c i n  D w a s  m e a s u r e d  in  t h e  u s u a l  w a y .  I n c o r p o r a t i o n  b y  
E. eoli i n c u b a t e d  a l o n e  r a n g e d  f r o m  3 0 0 0 - - 5 0 0 0  c p m  ( 3 - - 5  n m o l ) .  Resu l t s  s h o w n  represent  the  m e a n  o f  
a t  l e a s t  three  e x p e r i m e n t s .  
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pholipid breakdown products that  accumulate during preincubation with th(, 
granulocyte fraction and the time required for recovery is increased in bacteria 
undergoing greater net phospholipid degradation before Mg :+ is added [21. 

If indeed phospholipid metabolism and the breakdown and restoration of 
the permeability barrier to actinomycin D are linked in some way, the repair 
of the barrier upon addition of Mg 2÷ might be different in the parent and 
mutant  strain, because the nature and extent of phospholipid degradation dif- 
fer in the two strains (Figs. 2 and 3). We therefore compared the ability of Sj~ 
and S~7, after exposure to increasing concentrations of the granulocyte frac- 
tion, to restore their impermeability to actinomycin D during incubation with 
Mg 2+. 

In Fig. 2 it was shown that  net phospholipid breakdown increases in both 
strains as the amount  of granulocyte fraction present during preincubation is 
increased. The inhibition of leucine incorporation at the end of preincubation 
(0 rain in Fig. 5) is also dose dependent,  as is the time required for recovery of 
insensitivity to actinomycin D after Mg 2+ is added (Fig. 5). The time course of 
reversal by Mg 2÷ of the permeability effect is quite similar in the two strains at 
the three concentrations of granulocyte fraction tested, despite the greater net 
phospholipid degradation in the parent strain. 

Fig. 3 shows that  addition of Mg :÷ after 15 min of exposure to granulocyte 
fraction also promptly results in reincorporation of the labeled products of 
hydrolysis into diaeylphosphatides of both strains. This reincorporation is more 
marked in the parent strain (top portion of Fig. 3) than in the mutant  strain 
(bot tom portion), roughly matching the difference in degradation. In both 
strains labeled monoacylphosphatides disappear almost completely, possibly in 
part through continued deacylation. Radioactive free fat ty acids are only parti- 
ally reincorporated. 

Discussion 

These results demonstrate that  the phospholipase A2 present in a highly puri- 
fied bactericidal fraction of rabbit granulocytes can hydrolyze the phospho- 
lipids of intact E. coli. The evidence on which this conclusion is based comes 
from the use of an E. coli mutant ,  isolated by Nojima et al. [3,4,10] which is 
devoid of demonstrable endogenous phospholipase A activity. This mutant  
does possess a lysophospholipase, but in highly purified form this enzyme does 
not hydrolyze diacylphosphatides [17]. Analysis of the labeled products of 
hydrolysis of the phospholipids of the mutant  after exposure to granulocyte 
fraction indicates that  hydrolysis is almost totally attributable to the action of 
a phospholipase A2, consistent with the positional specificity of the granulo- 
cyte enzyme previously observed using other phospholipid substrates [19]. 

During the incubation of the parent strain, on the other hand, both 1-acyl 
and 2-aeyl lysophosphatides accumulate, indicating that  phospholipase A2 as 
well as phospholipase AL contribute to hydrolysis. The parent strain is equip- 
ped with the full spectrum of phospholipid-splitting enzymes typical of wild- 
type E. coli [5]. However, the most prominent phospholipase activity of E. coli 
is a phospholipase A, [5,20]. It is activation of this enzyme that  apparently is 
mainly responsible for the hydrolysis of E. coli phospholipids under adverse 
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conditions [8,11].  It seems probable therefore that phospholipid degradation 
in $15 is caused by the combined action of the exogenous granulocyte phospho- 
lipid A2 and the bacterial enzyme which is activated upon exposure of the bac- 
teria to the bactericidal granulocyte fraction. 

It is of considerable interest that the granulocyte phospholipase A2, under 
the conditions of these experiments, hydrolyzes the bacterial envelope 
phospholipids, because the phospholipids of E. coli strains with normal outer  
envelopes generally are not accessible to a broad range of pure phospholipases. 
Only after rather drastic alterations in the envelope, such as caused by  defective 
outer  membrane synthesis [21] or by EDTA treatment  [22],  does phospho- 
lipid degradation by exogenous phospholipases become manifest. Unpublished 
observations indicate that the phospholipase A2 activity in the granulocyte frac- 
tion is a component  of a cationic protein complex (approx. mol. wt. 50 000) 
that  exhibits also bactericidal and envelope permeability increasing activities. 
Manipulations that cause dissociation of the complex into lower mol. wt. con- 
stituents cause loss of all biological activity towards intact E. coli. Thus, the 
phospholipase A2 after dissociation of the complex, although readily demon- 
strable using other substrates, in low molecular weight form can apparently no 
longer reach the bacterial lipids. The permeability changes that  accompany the 
phospholipid hydrolysis initiated by the granulocyte fraction may represent the 
membrane modification necessary to provide access to the membrane phospho- 
lipids. In any case, in order for these envelope effects to occur, the components  
of the purified fraction apparently cannot simply coexist as such, but  must 
interact with the envelope in a prescribed association. 

As soon as this interaction takes place with the envelopes of E. coli endowed 
with a complete phospholipid-splitting apparatus (E. coli Sis or W [2]),  activa- 
tion of  the bacterial phospholipase AI becomes also manifest. This immediate 
and dose-dependent effect on an enzyme located in the outer  membrane 
[5,23] may be related to the binding of  active principle(s) of  the granulocyte 
fraction to surface sites. Binding is required for expression of the biological 
effects of the fraction on E. coli [1]. The abrupt cessation, upon addition of  
Mg2% of both granulocyte and E. coli phospholipase A activity [2] further sug- 
gests a reversible physical-chemical perturbation by the granulocyte fraction of  
mainly the outer  membrane. In support  of this supposition Mg 2÷ also causes 
release of previously bound phospholipase A2 activity [2], and morphological 
observations suggest that recognizable structural alterations do not  extend bey- 
ond the outer  membrane [2,24]. 

Net phospholipid degradation in E. coli killed by granulocytes or granulo- 
cyte  fractions reaches a plateau after 30--60 min ['2,25,26]. At concentrations 
of granulocyte fraction higher than shown in the present paper, net breakdown 
is not  substantially increased. Among several possible explanations for the level- 
ing off  of envelope phospholipid breakdown we favor the following. The 
limited structural and functional disorganization that accompanies loss of viabi- 
lity has suggested to us that hydrolysis is confined to outer  membrane phos- 
pholipids, presumably because the phospholipids of the cytoplasmic membrane 
are less accessible [27].  In addition, killing of E. coli by granulocyte prepara- 
tions is accompanied by continued and, in fact, stimulated phospholipid syn- 
thesis [14].  Therefore, reincorporation of  products of  hydrolysis must also 
occur, reducing net degradation. 
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It remains to be established whether or not the close association, with respect 
to time, of an increase in envelope permeability and its return towards normal 
with added Mg 2. on the one hand, and respectively, the accumulation and dis- 
appearance of membrane labilizing products of lipid hydrolysis on the other 
hand, are causally linked. The comparative studies on E. coli Sis and S,7 indi- 
cate that  the dose-dependent increase in sensitivity to actinomycin D, upon 
t reatment  with granulocyte fraction, is identical for the two strains, despite 
obvious differences in the extent  of hydrolysis. This may reflect a dissociation 
of the two envelope effects. It is also possible that  only a portion of the phos- 
pholipid degradation is responsible for the increase in permeability. Moreover, 
the action of the granulocyte phospholipase A2 and of the E. coli phospholip- 
ase A~ may well produce unequal functional effects, (1) because of the differ- 
ent products of hydrolysis formed, and (2) because hydrolysis may involve 
phospholipids belonging to different pools. For example, it is conceivable that 
the outer membrane associated phospholipase A 1 attacks primarily the inner 
layer of the phospholipid bilayer and that  the granuloeyte phospholipase A: 
first degrades phospholipids of the outer layer. 

It is tempting to relate activation of the bacterial phospholipase and, conse- 
quently, greater phospholipid degradation to the greater bactericidal potency 
of the granulocyte fraction toward the parent strain. Comparable degradation 
and killing of the mutant  strain is produced by higher concentrations of granu- 
locyte fraction, consistent with such a relationship. It must be recognized, how- 
ever, that  differences may exist between the two strains that  alter their sensiti- 
vities to this or other effects of the granulocyte fraction. Thus, E. coli S~s is 
more sensitive to the lytic effects of the detergent sodium dodecyl sulfate [24]. 
Such a difference in the membrane stability of the two strains could account 
for differences in their survival following exposure to the granulocyte fraction. 

It is still unclear, therefore, whether phospholipid hydrolysis by granulocyte 
phospholipase or E. coli phospholipase is part of the bactericidal event or 
whether degradation merely represents a digestive process that  accompanies 
and follows killing by granulocytes. The relationship of the granulocyte phos- 
pholipase A2 to the other effects of the highly purified granulocyte fraction can 
only be more closely defined if, upon further purification, it can be established 
whether or not the phospholipase can be separated from the molecular species 
responsible for the effects on permeability and viability. Such attempts at con- 
tinued dissection are in progress. 
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