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uMMARY \\'hen an antibody-sensitized, phDspholipase A-deficient mutant of
Escherichia coll' BISi\I was treated witlt complement in the absence of I soz me,

bacterial phosphatidylethanolamine (PE) was liberated into the lipid fractioiT of the
surrounding medium, but only traces of its degradation products were found in this
fraction.

Therefore, most of the degradation of bacterial PE to FFA and LPE observed
in the usual immune bactericidal reaction (Inoue at a1. , 1974) must be the result of
the action of bacterial phospholipase A which is activated or becomes accessible to
its substrate on formation of lesions by complement.

The mechanism of complement-mediated formation of membrane lesions is
discussed on the basis of these results.

INTRODUCTION

Tire pre. .ding p"per (In. u, at a1. , 1974)
showed that bacterial phDspholipids or frag-
merits containing phDspholipid were liberated
into the surrounding medium when bacteria
were treated with antibody and complement.
In the immune bactericidal reaction, phos-
phatidylethanolamine (PE) appeared first in the

I Present Address : Department of Protozoology,
Research Institute for Microbial Diseases, Osaka
University, Yamada-kami, Suita, Osaka

lipid fraction of the surrounding medium, and
then both free fatty acids (FFA) and Iysophos-
pintidyl. than. hmm. (LPE) "pp. ar, d and
increased gradually in this fraction.

This degradation of bacterial phospholipids
seems to be due to a phospholipase A activity.
There are four possible source of this enzyme.
(a) It could be formed or activated directly
from some complement components when they
are activated. (b) it could be a serum phos-
phonpase A other than a complement coin-
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ponent which is activated or gains access to Its
substrate when complement is activated on the
bacterial surface. (c) it could be a bacterial
phospholipase A which is activated during the
immune bactericidal reaction. Or (d) bacterial
phospholipase A may gain access to bacterial
phospholipids when the bacteria are attacked by
complement.

To examine the problem phospholipase A-
deficient mutants were isolated from E. co/^'

BISM (In. ne and Am an. , 1974). In thi^
work, the alteration of phospholipids in one of
these mutants during the immune bactericidal
reaction was compared with that in the parent
strain.

MATERIALS AND METHODS

The medium, antiserum, coinplenTent and other
materials and the methods used for lipid extraction
and for measuring radioactivity were as described
in the preceding paper (Trioue er a1. , 1974)

E. coli BISM, strain I-I \\, as described in the
preceding paper (Trioue at a1. , 1974). Phospholi-

pase A-deficient mutants \\, ere isolated from this
strain following treatment of the bacteria \\, ith N-
methyl-N'-nitro-N-nitrosoguanidine as described in
a separate paper (moue and funan0,1974). The
strains were cultured and labelled with "C as de-
scribed in the preceding paper (InDue at a1. , 1974)

TABLE I. Immune bactert'cadal octa'alitytt of bisosy?"e-1ree drillserum and RL on E. coli BISM oita
I'ts phospholtj, ase A-dellct'e"t itauta"tsu

fill, ,11/11e hocter, '"\a/ 1111cro-test

This \\, as performed LISing Microtiter plates (Cooke
Engineering Co. , Alexandria, Va. ). Lysozyme-free
antiserum \\, as diluted serialIy \\, ith Tris buffered
saline containing 1.0 in*I MgCl* and 0.15 inM CaC12
(TBS"), and I drop (0.025 inl) \\. as put in each \\, ell
of the plate \\, ith I drop of TBS", I drop of bacterial
SLispension at a concentration of 5 x 10' bacterialinI
in TBS" and I drop of Iysozyme-free complement
serum (RL) diluted serialIy in TBS". The plate
was incubated on a vibrator at 37 C for 60 min
After incubation, each reaction mixture recei\, ed I
drop of I ingjml streptomycin dissolved in 5-fold
concentrated tripticase soy broth (5 x conc. TSB)
The plate was vibrated for a few minutes and then
covered with a sheet of polyethylene film and in-
cubated overnight at 37 C without shaking.
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RESULTS

I. 814sceptz'61njy of pho*:phon;pase A-of<ifci'e, it
mart@?, tS to the 171,111W?!e bdCtertCiddl cyste, " against
the parent stiffi7i

The mutant strains agglutinated with rabbit
antiserum to the parent strain and gave the
same titer as the parent (Trioue and Am ano,
1974).

The mutant strains (C3PLAL, 04PLAL and
B6PLAL) were tested for their susceptibility to
the immune bactericidal system against the
parent strain, as described in the Materials and
Methods. As shown in Table I, all three
mutants tested \\, ere killed as effective Iy as the
parent strain by RL and antiserum against the
parent strain.

2. Release of 14C Ironi a phospho/Inase ,I-
doffci'e"t In"mill (04PLHL) lit the 111,111",, e
b@cteri'c, tta1 1'00ct, 'o11

Th. mutant (04PLAL) and th, parent st""in
were each labelled with '"C, sensitized with
Iysozyme-free antiserum, and then treated with
RL. As controls, samples were treated with
Inactivated RL (JRL). After incubation at
37 C for 60 min, the reaction mixtures were
centrifuged, and the supernatants and precipi-
tates were extracted with chloroform-methanol,
us nestrlb. d previ. usIy (In, us at a1. , 1974).

Table 2 shows the distribution of "C be-

tween the super natants and precipitates and in
the fractions obtained from them.

The release of "C from the mutant strain

into the super natant was similar to that from
the parent strain, but "C in the lipid fraction
(chloroform phase) of the super natant from the
mutant was less than that in the lipid fraction
from the parent strain.

The lipid fractions were chromatographed
on an aluminum sheet of silica gel with chloro-
fo"in-mathan. I-water (65 ^ 25 ^ 4, by v. I. ). Th,
autoradiogram in Fig. I shows that the lipid
fraction of the super natant from the RL-
treated parent strain (As) contained free fatty
wits (FFA) and Iy^. ph, ^phatidyl. than, I-
amine (LPE) in addition of a minute amount of
phusphatidyl, than, minine (PE), us deco"Ib. d
in th* pre. .ding p^per' (In. us at a1, 1974).
The lipid fraction of the super natant from the
mutant strain (CS), on the other hand, con-
tained a small, but significant amount of PE and
only traces of FFA and LPE with a trace of
phDsphatidyl glycerol.

3. Alter"tz'off of pho$pholjpt'of in the phonl, ase
A-dencz'e"I milta"t sty"fit cohen treated ruinz a
lunge amo""I of RL

As described above, the lipid fraction
released from the RL-treated mutant still
contained traces of FFA and LPE. To in-

crease the reaction, 112.5 RL was used with

TABLE 2. Pel. cent dan?. aimtz'on of '4C o1 E. colt' BISM and a phospho/apuse A-deftct'e"t mutant
after treat"lent felth b, SOSyme-/Tee drill'60dj, and RL

Super natant (Sup. )

Precipitate (Ppt. )

Sup.

Chloroform phase

Methanol-water phase

PPt.

Chloroform phase

Methanol-water phase

Stain

Treated \\ ith Ab+RL

7.7

92.3

I-I

Ab+, RL

0.49

2.16

2.1

97.9

11.0

2.6

INouE, K. at al. Pho$*ho!*, ids and I, ,tm""e B@cte, i"dai Reactz'on 11

Ab+RL

0.09

0.98

04PLAL

6.22

93.8

12.2

3.46

Ab +, RL

0097

3.7

I. 35

98.6

11.3

2.36

O . 057

O . 83

11.2

5.34
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6.0 x 10' banterbyinI inst^ad of 1120 to 1125
RL with 8.0 x 109 bacteria inI, as in the

FFA

As BS CS DS AP BP CP DP Front

CL

PE

LPE

FIGURE I. Autorad, bg, am of th, ,, layer chro, "ato-
gram, of the lipid 17@ctio, ,s of the $24@emut@,, ts a, ,d
precipitates from E. coli BISM and a phospho!ip@se
A-deficient mutant ofte, treatment alith Iysozyme. free
antibody a, Id RL.

The lipid froctio, ,s toere the some to the chiorqfor, "
phase qf the experiment in Table 2. Ok, Qin@tography
alas carried o1, t on alumi""," sheet sific@ gel (Merek
5553) with chloroform-methanol-conter (65: 25. . 4, by
o01. ). A and B, parent strain I I, . C and D, inI, ta, ,t
strain 04PLAL ; A and C, finmt, "e 60cte, jetd@! (RL)
systems; B and D, control (, RL) system. The sub-
scripts s and?i, ,drc@te the super""taint and precipitate,
respectit, e!y. FFH, free fatty acids, . PE, phospho-
atidyleth@"o1 am*, e, . LPE, Iysophosph@tidy!ethanol-
@7ni, ,e, ' CL, cord, of@in; PG, phDsphotidylglycero!.

o000 ,
00 00 PG

.8

standard reaction mixture. As shown in

Fig. 2, the lipid fraction of the super natant from
the mutant (CS) showed distinct spots of both
FFA and LPE, although they were smaller
than the spot of PE of the same fraction.

. Origin

FFA

PE

DISCUSSION

As shown in the preceding paper (Inoue at al. ,
1974) during the immune bactericidal reaction,
bacterial PE and its degradation products,
FFA and LPE, appear in the lipid fraction of
the surrounding medium, and the degradation
products gradually. Smith and
Becker (1968) also reported an increase of
titrable acid and a decrease of senne or choline

phospholipid in the reaction mixture during
hemolysis. On the other hand,Immune

In, ue and Kimky (1970) demonstrat^d that n,
enzymatic degradation of membrane phos-
pholipid occurred during formation of lesions in

LPE

As BS CS DS AP BP GP Dp

FIGURE 2. Halto, @dtbg, am of thin layer chromato-
gra, " of laitid fractions 1707" the parent and mat@"t
strain treated tufth Iysosy, "e. free antibody and excess
RL.

Chromatography zoos perlor, "ed on sifica gel H on
a glass PI@te tufth chloroform-methon"I-coate, (65: 25:
4, by o01. ). a amd B, pare, ,t sty@i" I-I, . C and D,
inI, tollt strain 04PLAL; A and C, finmt, "e bacte, i-
cido! (RL) syste, ,is, . B and D, control (, RL) system.
The rubsc, ,>ts s and p inchc@te the SMPe, "@t@,, t @71d
prec@, tote, respecti"e!y.

Front

Increase

PE

PG

rigin
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liposomes, which are artificial phospholipid-
containing membranes, formed by the action of
the complement.

To determine the source of the phos-
phonpase A activity in the immune bactericidal
reaction phospholipase A-deficient mutants

isolated from E. coli BISM. Thewere

mutants obtained were all susceptible to the
bactericidal activity of the complement and
antibody against the parent strain, even in the
absence of Iysozyme, as shown in Table I. it
was found that a similar amount of reC was
liberated from one of these mutant strains



during the immune bactericidal reaction as
that liberated from the parent strain. The
amount of isotope in the lipid fraction liberated
from the mutant, ho^. ever, \\, as shown to be
significantly less than that liberated from the
parent strain. NIOst of the lipid found in the
supernatant of the complement-treated mutant
was PE, while only traces of FFA and LPE \\, ere
observed. The of the latter t\^opresence

compounds in the super natant \\, as clearlv
seen \\, hen the mutant was treated \\, itIT a high
concentration of RL.

it is uncertain \\, he ther this degradation of
phDspholipids in the phospholipase A-deficient
mutant strain is due to (1) the direct action of
complement, or (2) to a serum phospholipase A
other than complement components, \\, hich
attacks its substrates at or near the lesions

formed by the complement, or (3) to a minor
bacterial phospholipase A \\, hich is still present
after this mutant has lost most of its phos-
phonpase A's. I{owever, the degradation in
the mutant Is very small compared to that lit
the parent strain. TITerefore, most of the
degradation of bacterial PE to FFA and LPE
observed in the usual immune battencidal
reaction must be the result of a bacterial

phospholipase A \\, hich is activated or gains
access to its substrate on formation of lesions

by the complement.
\\'hen E. coll' is infected and Iyzed by

bacteriophage T4, FFA is also formed (Cronan
and \VulfT, 1969). lit this case, however, most
of the FFA formed remains in the bacterial

colts (In, us and Am an. , 1974). Thts I^ very
different from the case in the immune bacteri-

cidal reaction, where FFA is liberated into the
lipid fraction of the surrounding medium.

Complement can cause liberatioiT of PE or
material containing PE from the antibody-
sensitized phospholipase A-deficient mutant
even in the absence of Iysozyme, as shown in
this paper.

Based on the differences between the releases

of enzymes in the periphery of cells and the
releases of intracellular enzymes during the
immune bacteriddal reaction, we postulated

that complement produces " channels " in the
outer membrane of the cell wall of sensitized

Gram-negative bacteria and that macromole-
CUIar substances, such as Iysozyme and en~
zymes in the periphery of the cells, can pass in
or out through these channels (Inoue at al. ,
1968)

R*.. ntly May, er (1972, 1973) p". pus, d ,
" doughnut " theory as the mechanism of
cytolysis by the complement. According to
this theory, late-acting components CS-C9
aggregate to form a hollo\\, cylinder or a
" doughnut " on the surface membrane of the
cell \\, hen complement components
activated. The " doughnut " sinks into the
cell membrane \\, itI\ its hydrophobic portion
outwards and a hydrophilic annular space in
the center. \\!ater and ions flow into the cell

througll this hydrophilic hollow space and
eventualy the cell bursts.

it was formerly suspected that phospholipids
are only present in the cytoplasmic membrane
of Gram-negative bacteria. However, it was
recently demonstrated that they alsoare

present in the outer membrane of the cell
envelope. it also shown that phos-
pholipases, suclT as phospholipase A and
Iysophospholipase, are localized in this outer
in. inb"an. (0^b. "n at a1. , 1972).

It Is uncertain Ito\\, the " doughnut " sinks
into the cell membrane, or how the " channel "
is formed in the outer membrane of Gram-

negative bacteria. The " doughnut " might
thrust aside membrane phDspholipid because
its outside is hydrophobic. The results ob-
tained in this work suggest that the coinple-
merit might quarry PE or fragments
taining PE from the outer membrane of
Gram-negative bacteria \\, hich become sus-
ceptible to the action of bacterial phospholipase
A. This would result in formation of lesions

or " channels. " The bacterial phospholipase
A also exerts its activity on the substrate
present in a limited area near the lesion,
resulting in increased liberation of FFA and
LPE.

are

\\, as

1. <0uE, 1<. er al. PhDspho/ty, ids and I'llm",, e B@cte, a'"dai Reaction 11

con-
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