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uMMARY Phospholipase A-deficient mutants were isolated from fischer, 'chin co/^'
BISM as follows. Replica plates \\, ere incubated to allow formation of colonies
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and then overlayed \\, ith soft agar containing \\. ashed sheep erythrocytes, lecithin
Ca", collstin, Iysozyme and streptomycin. The mutant colonies were detected as
colonies without ITemolytic zones. Two or three cycles of treatment with inutagen
and selection were necessary for. their isolation. The mutants obtained could grow
in a synthetic medium with glucose as the sole carbon source, and their phospholipid
compositions were similar to that of the parent. They also gave the same agglutina-
tion titer as the parent with rabbit antiserum against the parent strain.

They supported the growth of all members of the T-series of bacteriophages as
effective Iy as the parent. Some hemolytic substance was produced from either
lecithin or bacterial constituents \\, hen the mutants \\, ere infected with T even phages,
but not with T odd phages.

when the parent straiiT was infected with either Tl or T4, free fatty acids (FFA)
were produced in the cell debris. Only a trace of FFA was formed in the debris of
one of these mutants on infection with T4 and no FFA was formed on infection
with Tl.

INTRODUCTION

In 1970, we isolated phospholipase A-deficient
mutants of F1'brio parahne, 1106, tz'CMs to analyze
the hemolysins and phospholipid-degrading
enzymes of this organism (Yanagase at al. ,
1970). During studies on alteration of phos-
pholipid in the surface structure of ESCheri'chiti
coll' in the immune battencidal reaction

(Inoue at a1. , 1974a, b), a similar mutant was
required. E. cofi is known to possess mein-
brane-bound phospholipase A enzyme which is

not released extracellularly, while ,. pal. a-
haemolytic"s produces extracellular phos-
phonpase A, \\, hich can easily be detected.
R, ready Ohki at a1. (1972) nest"Ib. d " ph. ,-
phonpase A-deficient mutant of f. coll' K12.
To isolate this mutant they treated a detergent-
sensitive mutant of E. coll with inutagen and
then selected mutant colonies which could not

support growth of a fatty acid auxotroph.
However, this mutant seemed unsuitable for

141



our purposes because its detergent-sensitive
character, derived from the parent, might
produce some inherent modification of the cell
envelope and so complicate interpretation of
results.

The principle of our selection procedure is
based on the Iytic effect of polymyxin anti-
blotic plus Iysozyme on Gram-negative bacteria
(Warren at a1. , 1957) and on th, ham. Iyti.
activity of Iyso-compounds produced by
ph. sph, lip, ^, A from pho^ph, lipid (Fig. I).
The treatment with inutagen and selection had
to be repeated several times probably because

has more than one kind ofthis organism

phospholipase A.

A, IATERIALS AND A1ETHODS

I. Bt, cteiio

E. coliBISM, stain I-I \\as obtained by selecting
spontaneous mutants resistant to streptomycin from
E. colt' B, strain Her shey. It can gro\\, ln medium
containing up to 500 ILgjml of streptomycin. E
coli K12, \\!3110(I) and \\, 3110 were Lised as the
source of the phage and as the indicator, respectively,
in studies on the sensitivity of the in titants to I phage

7A1 ammonia water (60 : 35 : 5, by vol. ) was used as
the first solvent system and chloroform-methanol-
acetic acid (65 : 25 : 8, by vol. ) as the second solvent
system

Autoradiography \\, as carried out by exposing the
sheet to Fuji X-ray, film, Inedical, Kx (F1iji Photo
Film Co. , Tokyo) for 5 to 7 days
5. Materials

"C-Phosphatidylethanolamine ("C-PE) \\. as pre-
pared from "C-labelled E. coli BISM. The lipid
fraction extracted from the labelled bacteria \\ as

separated on TLC. The silica gel in the area cor-
responding to the spot of PE on the autoradiogram
was scraped off. The PE \\, as extracted \\, itIT chloro-
form-methanol mixture (I : I, \,!v) and purified b},
Techromatography

I'C-[U]-Glucose (specific activity - 5.0 incijm
mole) \\, as obtained from Daiichi Pure Chemicals,
Tokyo. Colistin (polymy\'in E) was purchased
from Banyu Pharmaceutical Co. , Tokyo. Strepto-
mycin sulfate \\, as obtained from Tal<eda Chemical
Industries, Osaka. Egg-white Iysozyme (3 x cry-
stallized) \\, as purchased from Sigma Chemical Co. ,
St. Louis, Mo. N-Methyl-N'-nitro-A, -nitroso-
guanidine \\-as obtained from K & K Laboratory, ,
Ne\\, York, N. Y. Egg yolk lecithin was obtained
from Sumitomo Chemical Co. , OSal<a. Purified
phDspholipase A from it Habu " ( Ti, '111eiesi!1'11s jin"0-
ally^trio venom was provided through courtesy of Dr
R. A1urata, National Institute of Health of Japan,
Tokyo. Rabbit antiserum against E. coll' B \\. as
obtained by jinmunizing rabbits \\, ith a suspension
of bacteria killed by heating it at 56 C for 60 min
The antiserum \\, as Inactivated by heating it at 56 C
for 60 min and stored in the frozen state at -20 C

without addition of any preservative.

2. Bocteiibphoges

Bacteriophages Tl, T2L, T3, T40, T5, T6 and
T7 \\, ere obtained by courtesy of Dr. A. Matsushiro,
Department of Microbial Genetics, Research In-
stitute for IVlicrobial Diseases, Osaka University

3 . Gillti, re Medih

Tripticase soy broth (TSB) (BEL, Cockeysville,
A, Id. ) and modified Tris glucose nledium (Echols et
a1. , 1961) containing 0.1% glucose \\, ere used. Bac-
tena \\. ere labelled with ''C, by growing them in
Tris medium containing 0.03 q, tinlabelled glucose
plus 0.5 PCijml of ''C-[U]-glucose (specific activity
-5.0 incllm mole)

4. Extinction of lipids o11d thi, I-/aye, ' chi o111ntogiophy
(TLC)

Lipids \\, ere extracted by the method of Bligh
and Dyer (1959). Tile lipid fractions \\, ere applied
to silica gel on an aluminum sheet (5553, E. Metck
AC, Darmstadt, Germany). The gel \\. as developed
\^ith chloroform-methanol-water (65 : 25 : 4, by vol. )
For t\\, o dimensional analysis chloroform-methanol-
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RESULTS

I. ISO/at20" of intrtn?its of 411cient lit phos-
phon7, ase A

Fig. I shows an outline of the procedure for
isolation of mutants.

An overnight culture of the parent strain,
E. coll' BISM, strain I-I, grown in trypticase
coy broth (TSB) at 37 C w^, dilut, d 1120 with
fresh TSB. After incubation at 37 C for 2 to
3 hr with mechanical shaking, the bacteria were
harvested by centrifugation, and washed twice
with 0.1 M Tris-maleate buffer, pH 6.0. They



E cal BISM in log phase

Washed and Resuspended in 0.1M
Buf fer. pH 60

Incubaled with 600 A g/in I N-methyl-N'- nitro -N-nitroso -
guanidine at 37'C for 30 min.

Wished

I
Cultured overnight in trypticase soy broth

Plated on TSB agar containing 200 Ag/in I
Streptomycin

Replica plating on SMTSB agar

SMTSB agar

Tris -Maleate

I Soft TSB agar containing
50 1181ml lecithin
001 M CaC12
2x108 cells/inI washed sheep E
1000 U/in I collstin

I 50 Ag/in I Iysozme200,81ni SM

Bacteria in each colony are Iyzed with
coltstin and Iyso"yine (Wanen at a1. , 1957),
with release of their membrane-bound phos-
pholipase A into the surrounding soft agar.
The enzyme hydrolyzes lecithin to fatty acids
and Iysolecithin, which in turn Iyzes the
erythrocytes. In this way hemolytic zones
appear around the colonies. Colonies without
hemolytic zones are selected.

It was impossible, in practice, to isolate the
mutant in a single step. Colonies showing
delayed hemolysis were isolated. They were
again treated with inutagen and the procedure
described above was repeated. Finally 3
strains were isolated, which gave CIOnies with no

prolonged incubation.hemolytic zone on

They were designated as B6PLAL, C3PLAL
and 04PLAL, respectively, C3PLAL was
obtained after two treatments with inutagen,
and B6PLAL and 04PLAL after three

treatments. Fig. 2 shows mutant colonies,
which are colored by the covering erythrocytes
and which have no hemolytic zone, among the
whitish parent colonies with hemolytic zones.
The sensitivity of these mutant strains to
constin was shown to be the same as that of the

parent.

FIGURE I. Isolation of Phospho!ip@se A-deficient
Mutants of E. coli B.

were suspended in the same buffer and
N-methyl- N' - nitro - N- nitrosoguanidine was
added at a final concentration of 600 Aglml
(Adelberg at a1. , 1965). After incubation at
37 C for 30 min, the bacteria were collected by
centrifugation and washed twice with Tris-
maleate buffer, pH 6.0. They were suspended
in TSB, diluted with a large volume of TSB,
and incubated overnight at 30 C. The bacteria
were seeded on plates of trypticase soy agar
cont^ining 200 Agjml at^pt. my. in (SM-TSB
agar). The plates (master plates) were in-
cubated for several hours' A replica of each
master plate was then transferred to a new
SM-TSB agar plate, which was incubated for
several hours to allow replicate colonies to grow
a visible size. Each of the replica plates was
then overlayed with 7.5 in I of soft TSB agar
containing 50 Agjml of egg yolk lecithin,
0.01 M CaC1, , 1,000 unitsjml of constin,
50 Agjml of Iys. "yine, 200 Aglml of strepto-
mycm and 2 x 10' washed sheep erythrocytesl
in I. The plates were further incubated at 37 C.

Mutant

00

.

FIGURE 2. Mutant colonies among colonies of pore"t
Sty@,".

Colont'es of the parent sty@fit hat!e hemolytic gones
around them a"d are lighter in color, beea, ,se e, yth, 0-
cytes cooeri"g them are b, zed. The mutant colonies,
shoal" by arrows, hare ito hemolytic gone and are
darker because they are corered with erythrocytes.
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2. Test for phospholjp@se A act^"^ly with the
cell ^s@te of the in"taints

For testing phospholipase A deficiency in
these mutants, their cell Iysates were obtained
by treatment with constin plus Iysozyme or by
sonication without separation into supernatant
and debris, and were tested for phospholipase A
activity on "C-labelled phosphatidylethanol-
amine ("C-PE). Fig. 3 shows the radio-

Front

chromatogram obtained with bacteria which
had been treated with colistin and Iysozyme.
The Iysates of the mutant strains did not
hydrolyze ''C-PE. However, the Iysate from
the parent strain as well as that from a strain
(C17), which had showed delayed hemolysis on
the replica plate described in the preceding
paragraph, degraded ''C-PE to free fatty
acids (FFA) and Iysophosphatidylethano!amine
(LPE). Similar results were obtained with
Iysates prepared by sonication.

3. Pho$?froljj, id compositions cmd s",:ICce
ant, ^am of the in"t@"ts

Phospholipase A activity is known to be
important in the metabolism of glycerol-con-
taming lipids in many organisms. Therefore,
defect in this enzyme might cause some change
in the lipid composition of the organism.

The parent and mutant strains were grown in
Tris-glucose medium containing "C-[U]-
glucose at 37 C for 16 hr with vigorous
aeration. After thorough washing, each was
extracted and subjected to two-dimensional
chromatography as described in the Materials
and Methods. The autoradiograms showed
little or no difference in the lipids compositions
of the parent strain and all three mutant strains
(data not shown).

In quantitative agglutination tests of these
mutant strains against rabbit antiserum to the
parent strain all three mutants gave the same
titer as the parent. Moreover, as shown in a
soyarate paper (Triou. at a1. , 1974b), the
sensitivities of all these mutants to immune
bactericidal activity mediated by the coinple-
merit and antiserum against the parent strain
were similar to that of the parent. Therefore,
these mutants seem to show little, if any,
modification of surface antigenic structure.

4. Seam'tit!ities of the in"t@"ts to bacteriophage$
The mutants are all sensitive to all the T

series bacteriophages, as shown in Table I.
They are insensitive to I phage, like the parent
strain.

Orign
I-ICUC3 PE B6 04 Habu

FIGURE 3. R"droch, Qin"toy, @in for detecting phos-
phon@@se A activity of cell Iys@tar from E. coli BISM,
str@fit I-I and its mutants.

young CM!t", es of the parent (I-I) @"d mutant
strums were washed ond yes"spended in T, is-640'eyed
saline at @ concentration of 7.0x 70'0 60cte, i@jini.
7.0 in! of the suspension zoos mixed with 0.7 inI of a
mixture of 22,000 Ujm! col^in^ plus 7,700 Agjm!
Iysozyme, ond incubated at 37 C for 30 min. A init
tar, e of 7.0 in! of 250 I, glml purified " Habu " Denom
piospholj@@se A and O. I inI of coltsti"+ 6,303yme go@s
@130 set up. Then O. I inI of solution containing
0.72 M C@C1, + 72, "glml streptomycin and 25 A1 of
"C-PE solution tit methanol ale, e added to each init
t", e. The mixtures were fitc"bated at 37 CIO, 720 min.
After incubation, each mixture 21:03 extracted and
chromatog, @thed OS described in the Materials ond
Methods.

77, parent strain; C77, a in"t@"t strum which
showed delayed appear@"ce of a hemolytic gone; C3,
C3PLAL; B6, B6PLAL, . 04, 04PLAL; H@b",
purified " Habu " tie"Qin ?hostho!ip@se A; PE, 5 F1
of L, C-PE CS 74e, e"ce. FFA, free jotty @cids; PE,
?fro$@hatidyleth""o1@mine; LPE, Iysopho$@hatidy!e-
than Qinmi"e.

FFA

PE

LPE
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TABLE I. Platz'"g <67cz'e"ct'es of Dano"s bcctert'oph@ges Qin E. colt' BISM and its phospholtj, @se A-
d, :ifcz'e"t mutants

Plating efficiency"

T4

Host Bacteria

E. colt' BISM, I-I

C3PLAL

B6PLAL

04PLAL 0.83

a Efficiencies were compared with those of strain I I.

5. Pho$pholz^id metabol^tm in the mat@"ts 2:1hzle
MPPortt'"g yep"catt'on of bccterz'of hages

Cronan and Wulff (1969) proposed that in-
fection of E. coll' B with bacteriophage T4
induces phospholipid hydrolysis resulting in

Tl

1.0

1.07

T2

091

10

0.97

078

T3

O. 85

10

1.00

O. 91

V

qv

10

0.96

0.68

T5

O. 72

10

I. 04

production of free fatty acid, and that this
degradation causes Iysis of infected bacteria in
addition to phage-controlled Iysozyme produc-
tion. This proposal was denied by losslin
(1971). However, this problem has not been
^attled yet (Cronan and Wulff, 1971). Thus it

1.15

T6

1.11

1.0

123

o
^

^,

1.07

088

T7

1.0

O. 82

O. 87

0.97

FIGURE 4. Hemolytic 20"es o70", Id streak trioc"!@ in soft agar containing sheep erythrocytes, lecithin, C@++ a"d
bacteriophage.

Hemolytic zones are seen @70",, d the parent strain I-I, and mutant strains infected alith T6 ph@ges. Streaks
with hemolyt, t zones are observed clearly because of Iysis of erythrocytes @600e them, 2:1hi!e streaks of mutant strains
i, !feeted tufth 77 ore obscure because of cooe, ing erythrocytes. See text for details.

O. 88

^o
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is very Interesting to see if a phDspholipase A-
deficient mutant of E. coll' B can produce
phospholipase A when it is infected by a
bacteriophage.

The three mutants and the parent strain
were all streaked o1\ 8 TSB agar plates and
incubated at 37 C for several ITours. Then

each plate was covered with 7.5 inI of soft
TSB agar containing 2 x 10' washed sheep
a. ythrocyt, ^Im1,50 Aglml of .gg y. Ik kilthin,
0.01 M CaC12, 200 11gjml of streptomycin and
either 5 to 10 x 10' phagesjml of one of the
T-series bacteriophages or 100 11glml of egg
white Iysozyme plus 2,000 Ujml of colistin.
The plates were further incubated at 37 C. A
hemolytic zone appeared around the parent
strain I-I o1\ all the plates. None of the
mutant strains caused ITemolysis on plates with
T ,dd PI""g, ^ (Tl, T3, T5 or T7) or with
colistin plus Iysozyme, but caused definite
hemolytic zones on plates with T even phages
(T2, T+ or T6). Fig. 4 ,I". us th. readts with
T6 and T7. it is uncertain whether this

hemolysis observed around the mutant strains
is the result of phage-induced phospholipase A.
However, it is very interesting that the hemo-
Iysis occurs only with T even phages, be catise
it is well known that the metabolism of bacteria

infected with T even phages is different from
that of bacteria with T odd phages

One of these mutant strains, 04PLAL, and
the parent strain were uniformly labelled with
L4C by culturing them in 0.03% glucose Tris
medium containing 0.5 PCIjml of "C-[U]-
glucose at 37 C for 16 hr witlT vigorous
aeration. After washing with Tris buffered
saline, they were infected with Tl and T4
bacteriophages at in. 0. i. -5.0 and at a con-
centration of 2 x 10' bacterialinI. Uninfected
bacteria served as controls. After shaking at
37 C for 5 min, the bacteria were separated
from the medium by centrifugation at 13,400 g
for 5 min in the cold. The bacteria was then

resuspended at a concentration of 4 x 108
bacterialinI in TSB containing 200 11glml of
streptomycin at 37 C and put in a flask
equipped with a branched cuvette as a sidearm.

The flasks were incubated at 37 C witlT constant

shaking. The optical density of the bacteria
was measured in a Coleman IT. 11 spectro-
photometer, A{ode1 6120 at about 20 min in-
tervals from the time of their transfer to TSB

(Fig. 5). After 60 min, the bacteria were
centrifuged, and lipids were extracted from
the super natants and sedimented cells by the
math, d of Bligh and Dyer (1959). Thus,
lipid fractions chromatographed as
described in the Anaterials and Methods.

As shown in Fig. 6, FFA was found in the
debris of the parent strain after infection with
either Tl or T4. A trace of FFA was also

found in the supematant fractions. NO FFA
was found in the super natant or debris of the
mutant after infection with Tl and only a

were
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FIGURE 5. Lysis of the pm e, ,t o11d one of the 1,111tn, !I
sty"i, !s "It"^,!feeti'on colth Tl or T4 b, Icier Ibphnge.

Ti"Ie is 711e"$117ed 11 o11, the ti',"e of trollsfer of bnc-
Ieri'" to TSB after centi Jingot, 'o11 10 sepornte 1111nb-
soybed phoges. a(I), INi, tallt sty"i, ! 04PLHL 1'11-
ICcted toith Tl, A(4), st, at',! 04PL, L jinected alith
T4, a(c), styo!',, 04PLHL an'tho, ,I phnge, B(I),
pal'ant strain I-I finected toit/I Tl, B(4), stynt', I I-I
illected with T4, B(c), styo, ', I I-I to ithoi, t phnge. See
text for details
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trace in the debris after infection with T4.

Further investigations are necessary on the
relationship between this result and the
hemolytic zones observed around the mutant
strains infected with T even bacteriophages
described above.

Front

^ I~ ,'\ ^ ,.\ ,~ ,-\ ,-\ ,-\ ...\ ,.~ ,.~
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^^^^^ \, ~^ ^ ~., ^ ^ ^
cococo co co co 00,000.
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repeated treatment with inutagen. The re-
quirement for multiple treatment might be due
to the existence of more than one phospholipase
A in this organi^in (Gatt and Barenh01", 1973).

it is still uncertain whether the mutants

obtained completely lack phospholipase A.
No enzyme activity could be
detected in these mutants by
usual method, as shown in Fig.
3. However, as shown in a
separate paper (Inoue at al. ,
1974b), slight but definite for-
mation of FFA and LPE was
observed in one of these inu-

tants when it was subjected to
the immune bactericidal reac-

tion. But this degradation of
phospholipid might be due to
complement or to a serum
phospholipase A other than
complement components. The
results cannot be interpreted
definitely until a set of purl-
fled components of complement
is available.

Although these mutants were
treated with inutagen several
times they do not seem to be
defective in other Important

biochemical steps. They all
grow normally in a synthetic medium with
glucose as the sole carbon source. Two-
dimensional chromatographic analysis showed
little or no change in their phospholipid coin-
position. The quantitative agglutination test
and immune bactericidal test (Inoue at al, ,
1974b) against rabbit antiserum to the parent
strain also showed little or no difference be-
tween the antigenic surface structure of these
mutants and the parent. Moreover, they all
possess receptors for all members of T-series
bacteriophages.

The possible participation of bacteriophage-
induced phospholipase A in the mechanism of
Iysis of infected bacteria has been discussed
(Cronan and WulfT, 1969 and 1971 ; I'Sslin,
1971). 'The hemolytic zones observed around

<. O

Origin

FIGURE 6. Alteratio, , of nipids of the parent and a mr, taint, 04PLAL,
infected arith Tl or T4 bacteriophages.

Left half, lipid froctio, ,s of the supernat@,, ts, . right fro!I, lipids of
the precipitates. Symbols ore OS described in the legends to Figs. 3 clad
5. See text for details

<. 0

DISCUSSION

CL

Studies on alteration of phospholipid in E. col^'
B, during the immune bactericidal reaction
prompted us to attempt the isolation of a
phospholipase A-deficient mutant of this
organism.

The isolation procedure outline in Fig. I was
adopted to avoid using a parent strain defective
in cell envelope structure, because the phospho-
lipase A of E. cofi is known to be membrane-
bound and cannot be detected unless the cell

envelope has disintegrated. It was not easy to
isolate the mutant. First, mutants which
showed delayed hemolysis were isolated and we
obtained 3 mutant strains from these by

FFA

PE

PG
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the mutant strains infected with T even phages
but not T odd phages, as shown in Fig. 4,
suggest that T even phages, but not T odd
phages, might induce new phospholipase A In
the infected bacteria. However, only a trace of
FFA was detected in the debris of one mutant

infected with T4, while a dense spot of FFA
was observed in the lipid fraction of the debris
of the T4-infected parent strain, although the
turbidities of the two strains decreased SImi-

Iarly. Further investigation Is required on
this.

Phospholipids are degraded by bacterial
phospholipase A during both the immune
bactericidal reaction and Iysis of phage-
Infected bacteria. However, the degradation
products remain in the debris of phage-
Infected bacteria, while they are released into

the surrounding medium during the immune
bactericidal reaction. The degradation seems
to be mainly due to the activity of the same
bacterial enzyme in both cases, because the
mutant deficient in this enzyme produces
little or no degradation products. The reason
for the difference in distribution of the degrada-
tion products us unknown. Further investIga-
tions on this problem might throw some light
on the mechanism of formation of complement-
lesions and of Iysis of phage-infected bacteria.
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