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A B S T R A C T Recently we reported that rapid killing
of Escherichia coli by granulocytes or granulocyte frac-
tions is accompanied by an equally rapid and discrete
increase in permeability of the microbial envelope
(Beckerdite, Mooney, Weiss, Franson, and Elsbach.
1974. J. Exp. Med. 140: 396-409). Most of this perme-
ability-increasing activity (PI) is found in a crude
granule preparation. PI is quantitatively recovered in
a 23,000-g supernatant fraction (Sup II) after sulfuric
acid extraction of granulocyte homogenates prepared
in water. PI is nondialyzable, destroyed by pronase
and trypsin, stable at 4VC for at least 2 mo, and de-
stroyed by heating at 940C. Anionic substances, such
as heparin sulfate and isolated E. coli lipopolysaccharide,
bind to and inhibit PI. PI has been purified up to 1,000-
fold from homogenate in a yield of 50% by acid extrac-
tion and carboxymethyl-Sephadex chromatography.
Such purified fractions have bactericidal activity that
equals that of disrupted granulocytes and Sup II, are
similarly enriched with respect to granule-associated
phospholipase A2 and are devoid of lysozyme, myelo-
peroxidase, and protease activities. Whereas E. coli,
sensitive to PI, binds or inactivates solubilized PI, a
resistant strain of Serratia marcescens does not. Binding
of PI to sensitive microorganisms seems to be necessary
for expression of its biological activity since both the
apparent binding to and the biological effect of PI on

Dr. Franson is a recipient of Public Health Service
postdoctoral fellowship I-F-02 AM 54970-1 from the Na-
tional Institute of Arthritis and Metabolic Diseases. Dr.
Elsbach is a career scientist of the Health Research Coun-
cil of the City of New York (contract I-379).

Received for publication 12 June 1974 and in revised
form 26 August 1974.

E. coli are completely blocked by 10-20 mMMg"- or
Ca'+. Mg4 or Ca'+ can reverse the effect on E. coli
permeability produced by Sup II or the carboxymethyl-
Sephadex fraction but not that produced by granulocyte
homogenate.

The close association of bactericidal, phospholipase
A2, and permeability-increasing activities towards sev-
eral gram-negative bacterial species suggests that they
may be related.

INTRODUCTION
Rapid killing of Escherichia coli by granulocytes occurs
without gross microbial structural disorganization (1-3),
but is associated with a discrete increase in permeability
of the microbial envelope that is evident within minutes
after the bacteria are exposed to granulocytes or bac-
tericidal granulocyte fractions (4). Several investiga-
tors have proposed that the mode of action of bacteri-
cidal agents derived from granulocytes (5, 6), or other
sources (7, 8), may include effects on permeability. In
some instances an effect on phospholipids has been
invoked (7, 9).

In this communication we describe the partial puri-
fication and characterization of a granulocyte factor
that increases the permeability of several species of
gram-negative bacteria. A 1,000-fold purified prepara-
tion of this activity contains a similarly enriched phos-
pholipase At, as well as most of the bactericidal potency
of disrupted granulocytes.

METHODS
Preparation of granulocytes. Polymorphonuclear leuko-

cytes were obtained from overnight, sterile peritoneal exu-
dates produced in rabbits by injection of glycogen in physi-
ological saline as described previously (10), except that no
heparin was added to the collection flask. More than 95%
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Rabbit granulocyte homogenate
(3.0 X 108 granulocyte equivalents/ml HI0)

Pellet I

Add 0.4 -'N H2504 (0.15 N
final concentration) 30 min
at 40C

Spin; 23,000 g for 20 min

Sup I

Pellet II

Exhaustive dialysis
against 1.0 mMTris-
HCl (pH 7.4)

Spin; 23,000 g for
20 min

Sup II

CM-Sephadex
chromatography

FIGURE 1 Partial purification of PI from rabbit granulo-
cytes.

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.

Cell fractionation. The sedimented granulocytes were
resuspended in ice-cold 0.34 M sucrose (2.0 X 108 granulo-
cytes/ml) by vigorous pipetting and stored at 4C for 30
min. The cell suspension was then homogenized with a
Potter-Elvehjem apparatus and cell disruption was moni-
tored by phase-contrast microscopy. Nuclei and cell debris
were removed by centrifugation of the homogenate at 150 g
for 10 min. The 150-g supernatant fraction was then sub-
jected to centrifugation at 8,200 g for 20 min to yield a
crude granule fraction (8,200-g pellet). The 150-g pellet
and the crude granule pellet were resuspended in 0.34 M
sucrose to a final concentration of 2.0 X 108 granulocyte
equivalents/ml.

Extraction of permeability-increasing activity (PI)
(Fig. 1). Sedimented granulocytes were resuspended in
distilled water (3.0 X 108 granulocyte equivalents/ml) and
ice-cold 0.4 N H2SO was added to a final concentration of
0.15 N H2SO4. The extraction, described more fully in a
preceding paper (4), yields a supernatant fraction (Sup II)

'Abbreviations used in this paper: Act D, actinomycin D;
CM, carboxymethyl; LPS, lipopolysaccharide; ONPG, o-
nitrophenyl-,8-D-galactopyranoside; PI, permeability-increas-
ing activity; Sup II, supernate II.

which contained at least as much biological activity per
granulocyte equivalent as the homogenate with less than
5% of the homogenate protein. Normal rabbit alveolar
macrophages (3.0 X 108 cells/ml) were extracted in the
same manner. For Sup II preparations of rabbit diaphragm,
kidney, liver, and spleen 4.0 g (wet weight) of tissue was
homogenized in 8.0 ml of 0.34 M sucrose and extracted in
the same manner. All acid extracts and purified fractions
were stored at 4VC.

Bacteria. E. coli (W) were grown in minimal medium
buffered with triethanolamine at pH 7.75-7.9 and Serratia
marcescens were grown in trypticase soy broth (Baltimore
Biological Laboratories, Cockeysville, Md.) (4). The bac-
teria used were obtained from overnight cultures that were
transferred to fresh medium and subcultured for approxi-
mately 2.5 h at 370C. At this time bacteria were sedi-
mented by centrifugation at 10,000 g for 10 min and were
resuspended in sterile isotonic saline to the desired concen-
tration.

Measurement of PI. PI was measured by determining
the susceptibility of E. coli to actinomycin D (Act D), an
agent that normally does not cross E. coli's permeability
barrier (11). Thus, unless indicated otherwise, PI was
measured by determining the effect of a given fraction on
bacterial [14C] leucine incorporation in the presence and
absence of Act D as described in a preceding paper (4).
A typical incubation mixture contained 2.5 X 108 E. coli
(W), 2-8 X 10' granulocytes (or material derived from
this number of cells), 10 /Amol of Tris-maleate buffer at
pH 7.5, 25 ul of Hanks' solution (Hanks' balanced salt
solution (without phenol red), Microbiological Associates,
Inc., Bethesda, Md.), 250 ug of casamino acids mixture
(Difco Laboratories, Detroit, Mich.), L- [ 1-`C] leucine (0.063
,kCi, 0.13 mM) (ICN Corp., Chemical & Radioisotopes Div.,
Irvine, Calif.) and sterile saline to bring the total volume
to 0.25 ml. Incorporation of ["4C]leucine into E. coli (W)
was determined in the presence and absence of 12.5 gg of
Act D. Cycloheximide was added to all incubation mixtures
in a final concentration of 0.5 mMto exclude incorporation
of labeled amino acids into granulocyte protein. Incubations
were carried out at 370C for 30 min. The reactions were
stopped by the addition of 3.0 ml of ice-cold 10% trichloro-
acetic acid and the mixtures were filtered and counted as
described in a preceding paper (4). For quantitation of
PI the following equation was used:
Percent permeability effect of a given granulocyte
fraction =

[I4C]leucine incorporation by E. coli

100 - + granulocyte fraction [+Act DJ XL+4C]aeucine incorporation by E. coli

~,+ granulocyte fraction E-Act D]

100

One arbitrary unit of PI has been defined as that amount
of activity that produces a 50% effect (equation). For these
calculations, triplicate determinations were carried out with,
of a given granulocyte fraction, at least three different con-
centrations that produce a linear inhibition of ["C] leucine
incorporation by E. coli in the presence of Act D and a
constant effect on incorporation in the absence of Act D.

Bactericidal activity. Bactericidal activity of a given
fraction was measured by taking 10-p1 samples of the sus-
pensions after 30 min incubation for determining of bac-
terial colony-forming units as previously described (12).

Enzyme assays. Phospholipase A2 was assayed by using
autoclaved [1-"C]oleate-labeled E. coli as substrate (13).
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TABLE I
Sedimentation of PI with a Crude Granule Preparation

Fraction PI P-Glucuronidase PLA pH 5.5 Protein

units % units % units % mg %
Homogenate 82.5 100 1,545 100 23.1 100 18.3 100
150-g pellet 16.0 19 242 16 2.7 12 3.5 13
8,200-g pellet (granules) 64.4 78 832 53 14.0 61 8.3 45
8,200-g supernate 10.1 12 350 23 3.9 17 5.8 32

The fractionation of 2.5 X 108 granulocytes was carried out as described in Methods. PI is expressed as units/
2.5 X 108 granulocyte equivalents, protein (17) as milligrams/2.5 X 108 granulocyte equivalents, 6-glucuronidase
as nanomoles of substrate hydrolyzed/1.5 h/2.5 X 108 granulocyte equivalents, and phospholipase A2 activity
(PLA pH 5.5) as nanomoles of free fatty acid released/hr/2.5 X 108 granulocyte equivalents. Incubation conditions

are described in the methods section. Data for quantitation of protein, 6-glucuronidase, and PLA pH 5.5
were obtained by averaging at least two different values in the linear range of the assay system. PI was calculated
as described in Methods. Triplicate determinations agreed within 5%. Percent recoveries were: 109 for PI, 92 for
fl-glucuronidase, 90 for phospholipase, and 90 for protein.

Myeloperoxidase was determined by the method of Schultz,
Shay, and Gruenstein (14), lysozyme by the method of
Shugar (15), and protease activity was measured by using
["4C]leucine-labeled E. coli as substrate (1). Protein was
estimated by the optical absorbance at 260 and 280 nm
(16) and by the method of Lowry, Rosebrough, Farr, and
Randall (17) with bovine serum albumin as standard.
,5-Galactosidase was induced in E. coli (W) by using iso-
propyl-p-D-thiogalactopyranoside (final concentration 10'
M) and was measured using o-nitrophenyl-,8-n-galacto-
pyranoside (ONPG) as substrate. The conditions of the
assay were as described in a recent paper (4).

The effect of proteolytic enzymes on PI. The conditions
for trypsin and pronase proteolysis were as follows: each
test tube contained 10 mMCa'+, 50 mMTris pH 8.0, Sup
II, and 25 ltg of trypsin or 50 ,ug of pronase. These mix-
tures were incubated for 1 h at room temperature and then
assayed for PI. Under these conditions, trypsin or pronase
alone had no effect on [14C] leucine incorporation into E.
coli protein in the presence or absence of Act D. In this
incubation mixture, Sup II had full permeability-increasing
activity in the absence of the protease.

RESULTS

Purification. The finding that PI can be extracted
from whole homogenates with strong acid suggested
the possibility that this activity is a basic protein as is
the case for other acid-extractable biological activities
obtained from leukocytes (18, 19). Because these ac-
tivities have been found to be associated with the leuko-
cyte granules (18, 19), we sought preliminary evidence
before initiating further purification that might indicate
whether or not PI also occurs mainly in a granule-rich
fraction. Table I shows that PI is predominantly asso-
ciated with a crude granule-rich pellet. The distribution
of PI appeared to follow that of fi-glucuronidase, a
known granule marker enzyme (20), and phospholipase
As, which was recently demonstrated to be associated
with both the specific and azurophilic granules (13).
Disruption of the granule preparation, either by 30 min

incubation at pH 3.5 or by seven cycles of freezing and
thawing, did not release PI from the particulate
(23,000-g) fraction. From these initial studies, we
therefore tentatively concluded that PI was membrane
and granule associated.

Although acid extraction of granule preparations has
been successful for isolation of a number of cationic
proteins (18, 19), this was not the case for PI. Table
II illustrates that a considerable portion of the re-
covered PI remained particulate when homogenates or
granules resuspended in sucrose were extracted; more-
over, 35-50% of the PI initially present was apparently
inactivated by acid treatment. By contrast, PI was al-
most totally recovered in the supernatant fraction (Sup
II) when water homogenates were used. No PI was
found in Sup II preparations from the same number of
normal rabbit alveolar macrophages or from homoge-
nates of rabbit diaphragm, liver, kidney, or lung.

The partial purification of PI from granulocyte ho-
mogenates is presented in Table III and Fig. 2. Sulfuric
acid extraction of leukocyte homogenates prepared in
water totally solubilized PI with a 30-fold increase in
specific activity. PI in Sup II is nondialyzable, stable for
at least 2 mo at 4VC, destroyed by heat at 940C, and
inactivated by trypsin and pronase. As has been shown
for bactericidal activities associated with cationic pro-
teins (6, 21), the anionic substances, heparin sulfate
and isolated E. coli lipopolysaccharide (LPS), both bind
and block the expression of PI.

PI was purified approximately 1,000-fold in a yield
of 52% by chromatography of Sup II on carboxymethyl
(CM) -Sephadex (Table III). PI was firmly bound by

this cation-exchange column and was recovered, as a
single peak of activity, by elution with NaCl (Fig. 2).
In contrast to the whole homogenate, this purified frac-
tion (CM fraction) had no detectable lysozyme, pro-
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TABLE II
Recovery of PI in Sulfuric Acid- Extracts of Leukocyte Preparations

Homogenate Homogenate Granules
Fraction (water) (sucrose)

units PI % units PI % units PI %

Homogenate or granules 75.1 100 82.5 100 64.6 100
Pellet I 0.4 0.5 3.3 4.0 10.9 17.0
Pellet II 8.1 10.8 11.7 14.2 0.0 0.0
Sup II 91.5 121.8 37.8 46.0 22.2 34.2

Sulfuric acid extraction of sucrose or water homogenates of granulocytes was carried out as de-
scribed in the methods section. Granule preparations were isolated from 0.34 Msucrose homog-
enates and were resuspended in 0.34 M sucrose (2.0 X 108 granulocyte equivalents/ml) and
extracted in the same manner. PI is defined as units/2.5 X 108 granulocyte equivalents and is
calculated as described in Methods.

tease, or myeloperoxidase activities, but it did contain
a similarly enriched phospholipase A2 activity known to
be predominantly associated with the leukocyte granules
(13). In addition, this fraction had potent bactericidal
activity. In fact, a comparison of the killing of 1 X 10'
E. coli (W) by crude homogenate, Sup II, and CM
fraction (Table IV) shows that the most purified frac-
tion contained as much cidal activity as the cruder
preparations. No other fraction collected from the
CM-Sephadex column contained detectable bactericidal
activity towards E. coli.

Fig. 3 compares the effect of increasing amounts (in
granulocyte equivalents) of granulocyte homogenate,
Sup II, and the CMfraction on ['C]leucine incorpora-
tion by 2.5 X 10' E. coli in the presence and absence of
Act D. All three fractions produced a similar dose-de-
pendent inhibition of [14C]leucine incorporation by
E. coli in the presence of Act D when up to 5 X 106
granulocyte equivalents (> 50 E. coli/granulocyte
equivalent) of whole homogenate or Sup II or up to
12.5 X 106 granulocyte equivalents of the. CM fraction
were used. In the absence of Act D, however, the effect
of each granulocyte fraction on leucine incorporation dif-
fers depending on the degree of purity; thus, in the

TABLE [I I
Purification of PIfrom Granulocyte Homogenates

PI
granu-

Protein locyte Increase
per equiva- in

Fraction 2.5 X 108 lents Recovery Sp act sp act

mg units %
Homogenate 87.5 75.0 100 0.83 -

Sup II 3.7 91.4 122 24.7 30X
CMfraction 0.04 39.2 52 958.0 1,S50X

Protein was estimated by the absorbance at 260 and 280 nm (16). For each
fraction PI was determined by using the standard assay conditions as de-
scribed in Methods.

dose-dependent range, whole homogenate has the great-
est inhibitory effect, Sup II less and the CM fraction
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FIGURE 2 Purification of PI by CM-Sephadex chromatog-
raphy of Sup II. 1.5 ml (2.8 mg of protein) of Sup II was
applied to a CM-Sephadex column (1 X 30 cm) equili-
brated with 1 mMTris-HCl pH 7.0. Elution was carried
out with 30 ml of 1 mMTris-HCl buffer, pH 7.0 (fraction
A), followed by 30 ml of buffered 0.5 M NaCl (fraction
B), after which 100 ml of a linear NaCl gradient (0.5-
1.2 M, prepared by use of a Kontes gradient mixer, Kontes
Glass Co., Vineland, N. J.) was applied. Fractions A and
B were collected in toto; the eluate of the linear NaCl
gradient was collected in 30 (3.0-ml) fractions. Assays for
PI, protein, and lysozyme in individual fractions were car-
ried out by the procedure referred to in the methods sec-
tion. Phospholipase A2 was measured at both pH 5.5 and
at pH 7.5 (13). The elution pattern and enrichment of these
two phospholipase activities were identical. The activity
in the lower panel refers only to phospholipase activity at
pH. 7.5. Total amounts of PI, phospholipase A2, and protein
in each fraction assayed are expressed as in Table I and
total lysozyme/fraction as AODat 450 nm/15 min.
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TABLE IV
Killing of E. coli (W) by Disrupted Granulocytes, Sup II,

or CMFraction as a Function of Concentration
of Granulocyte Fraction

E. coli/granulocyte: 10/1 20/1 40/1 80/1

%survival

Disrupted granulocytes < 0.01 0.4 3 16
Sup II <0.001 0.001 0.17 0.17
CMfraction <0.001 0.05 3 7

2.5 X 108 E. coli (W) were treated in the standard incubation
mixtures with either disrupted granulocytes, Sup II, or CM
fraction. The ratios of E. coli to granulocyte equivalents were
varied by adjusting the number of granulocyte equivalents
of the particular granulocyte fraction while keeping the
number of E. coli constant. At 30 min, aliquots of the bacterial
suspensions were taken, diluted in growth medium, and
plated. Colonies were enumerated after incubation at 370C
overnight.

none. Because each granulocyte fraction has a different
effect on leucine incorporation by E. coli in the absence
of Act D, the inhibitory effect on ['C]leucine incorpora-
tion specifically attributable to entry of Act D actually
is not the same. We define, therefore, PI in a given
granulocyte fraction as the difference between ["C]-
leucine incorporation by E. coli with and without Act
D in the presence of the granulocyte fraction.

In the following sections, the less purified Sup II was
often used instead of the more purified fraction for
reasons of economy.

Inhibition of PI by Mg"+ or Ca"+. The effect of PI on
E. coli is inhibited by increasing concentrations of Ca'
or Mg'+.' Table V shows that complete protection of
E. coli's permeability barrier is produced at 8-20 mM
Mg2 (or Ca'+, not shown). This protective effect of
divalent cation was overcome by adding more PI but
was not altered by increasing E. coli numbers.

Table VI shows that Mg2 also effectively prevents
loss of viability by E. coli exposed to purified PI (CM
fraction).

Evidence of Act D penetration is found within 5
min after mixing of E. coli and PI (4). The permeability
change induced by PI could be reversed by adding Mg2+
up to 20 min after preincubation of E. coli and PI since
subsequent addition of Act D did not cause inhibition
of leucine incorporation. Recovery of E. coli from the
effect of PI by adding Mg2+ (or Ca'+) was not seen
with granulocyte homogenates, but only with the more
purified fractions. This may be explained by the removal,
during purification, of other components in the homoge-
nate that act in concert with PI to cause irreversible

'Other divalent cations (Zn2+ and Mn+) at 1 mMcom-
pletely inhibited leucine incorporation by E. coli.

damage. This contention is supported by the results in
Fig. 3 which show that less nonspecific inhibition of
leucine incorporation into E. coli protein occurs in the
absence of Act D with granulocyte fractions of in-
creasing purity.

Mg2+ also inhibits the PI-mediated entry of ONPG
into E. coli induced for P-galactosidase (Table VII).
Under normal conditions E. coli is impermeable to
ONPG. In the presence of PI, (whether in Sup II or in
CM fraction) ONPGenters E. coli and is hydrolyzed
by 8-galactosidase, a soluble intracellular E. coli enzyme.
Complete inhibition of ONPGbreakdown is observed at
10-20 mMMg'+. Sup II, with or without Mg2+, does not
cause leakage of fi-galactosidase (4). Mge+ alone has
no effect on P-galactosidase activity. One possible ex-
planation for the protection by Mg' and Ca'+ against the
effect of PI on E. coli is that PI interacts with sites on
or in the surface of susceptible microorganisms and that
this interaction can be prevented by divalent cations. In
the next section, experiments will be described that lend
support to this supposition.

Apparent binding of PI to susceptible microorganisms.
Suspensions of E. coli (sensitive to PI) or of S. marces-
cens (resistant to PI) (4), were incubated for 5 min
with Sup II. The suspensions were then subjected to

o Whole Homogenate & SupI[
* Whole Homogenate * SupE + Act D

+ Act D

C:

Q.E

Lii 0z -

D710

- ()

z w

D o
Ld Y

I_ w
r-I"

o CMFraction
* CMFraction

+ Act D

2.0 4.0 5.0 12.0 (oA)

5.0 10.0 12.5 20.0 30.0 n.
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FIGURE 3 Effect of whole homogenate, Sup II, and CM
fraction on ["C] leucine incorporation by 2.5 X 10' E. coli
in the presence and absence of Act D. Incubation condi-
tions were as described in methods. The upper abscissa
indicates the amount of whole homogenate or Sup II as-
sayed and the lower abscissa the amount of the CM frac-
tion used, expressed as granulocyte equivalents. Results are
shown as mean and standard error of the mean of at least
three separate experiments.
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TABLE V

Effect of Mg2&on PI-Induced Susceptibility of
E. coli to Act D

[14Clleucine
incorporation

(% of E. coli alone
at 30 min)

MgCls -Act D +Act D

mM

(a) Sup II
E. coli alone 100 103
E. coli + Sup II - 58 6
E. coli + Sup II 1 75 35
E. coli+ Sup II 2 83 51
E.coli Sup II 8 105 90
E. coli + Sup II 20 115 118
E. coli alone 20 119 108

(b) CMfraction
E. coli alone 100 101
E. coli + CMfraction - 92 11
E. coli + CMfraction 2 106 37
E. coli + CMfraction 8 100 59
E. coli + CMfraction 20 118 124
E. coli alone 20 103 110

Increasing concentrations of MgCI2 were added to the
standard incubation mixture before adding Sup II (7.0 X 106
granulocyte equivalents) (a) or CM fraction (6.0 X 106
granulocyte equivalents) (b), E. coli (W) (2.5 X 108), Act D,
and ['4C]leucine. Incorporation of [l4C]leucine into cold
trichloroacetic acid-precipitable material is expressed as
percent of incorporation by E. coli incubated alone for 30 min
(>8,000 cpm).

centrifugation to sediment the bacteria and the super-
natant fractions were tested for PI in the usual fashion.
Fig. 4 shows that PI was totally recovered in the su-

pernatant fraction of the Serratia suspensions. By con-

trast, no PI was found in the supernatant fraction of the
E. coli suspensions. It appears, therefore, that sensitive
E. coli bound or inactivated PI, whereas the resistant
Serratia did not.

In order to demonstrate that apparent binding of PI
to a sensitive microorganism is related to expression of
the biological effect (i.e., an increase in permeability),
a constant amount of Sup II or of CMfraction was pre-
incubated for 5 min with increasing numbers of E. coli.
Subsequently, fresh E. coli (2.5 X 10), [LC]leucine, and
Act D were added to the incubation mixture. Table VIII
shows that at very low ratios of E. coli to granulocyte
equivalents during preincubation most of the PI is sub-
sequently available for interaction with added fresh
E. coli and near maximal permeability effects are
found. However, as the number of E. coli in the pre-
incubation mixture is increased more PI is bound and

less is available to act on added E. coli. Total apparent
binding of PI during preincubation is seen when the
subsequent [lC]leucine incorporation equals that of
E. coli incubated alone. This occurs at a ratio of E. coli
to granulocyte equivalents of 20: 1, roughly correspond-
ing to the ratio at which permeability effects become
maximal (see Fig. 3). In fact, comparison of Table VIII
and Fig. 3 reveals a remarkably close correlation be-
tween the dose dependence of binding of PI to E. coli
and its effect on permeability.

Furthermore, at Mg' concentrations sufficient to pro-
tect E. coli against the effect of Sup II (or CM-fraction)
and Act D, PI is quantitatively recovered in the 10,000-g
supernatant fraction of the E. coli suspension (Table
IX). Thus, Mg' prevents the apparent binding of PI
to E. coli at concentrations (20 mM) which maintain
both the viability and the normal permeability barrier
of E. coli to Act D in the presence of PI.

PI also bound to and sedimented with isolated bac-
terial endotoxin (LPS). However, Ca' and Mg` (20
mM) had no effect on this interaction. These findings
suggest that other envelope constituents are important
in the interaction of PI with the intact microorganism.

DISCUSSION
Our findings suggest that the permeability-increasing ac-
tivity, extracted from rabbit polymorphonuclear leuko-
cytes, resides in a cationic protein or a macromolecule
containing a protein moiety necessary for activity.

This factor may well include or be one of the granule-
associated basic proteins described previously by others
(18, 19). It resembles phagocytin (18) and other bac-
tericidal cationic proteins (19) in its acid extractability,
in its inactivation by anionic substances such as heparin
and endotoxin, in its resistance to heat, and in its rather
similar spectrum and magnitude of bactericidal potency.

TABLE VI
Protection of E. coli by Mg2+ against the Permeability and

Bactericidal Effects of the CMFraction

[14C]leucine
incorporation

(% of E. coli alone
at 30 min)

Colony-forming
units -Act D +Act D

E. coli alone 5.5 X 108 100 79
E. coli + CMfraction 4.2 X 107 60 8
E. coli + CMfraction

+20 mMMgCl2 5.4 X 108 106 78

1.5 X 108 E. coli (W) were treated in the standard incubation
mixture with the CMfraction (5.0 X 106 granulocyte equiv-
alents) in the presence and absence of 20 mMMgCl2. PI and
colony-forming units were determined after a 30-min incuba-
tion as described in Methods.
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However, PI differs in a number of ways from these
microbicidal cationic proteins. Thus, PI is not effectively
extracted from homogenates prepared in sucrose nor
from isolated granules, whether with acid (19) or with
a balanced salt solution (18). Reduction of the pH of
granule suspensions to 3.5 releases substantial amounts
of phagocytin, but not of PI. Perhaps the most signifi-
cant difference between PI and both phagocytin and the
bactericidal cationic proteins studied by Zeya and
Spitznagel (19) is the fact that these compounds lose
activity at 4VC whereas PI remains fully active for at
least 2 moat 4VC.

The ability of Mg' or Ca'+ to maintain E. coli's nor-
mal permeability barrier despite the presence of PI re-
sembles the protection by divalent cations of gram-
negative organisms against the growth inhibitory effects
of serum (22, 23), antibiotics (24, 25), drugs (26), and
phagocytin (18). The protection afforded by divalent
cations against so many widely different factors suggests
that the effect is not on a chemical group common to all.
The known affinity of certain antibiotics for cations
(27, 28) as well as the effects of EDTAon the perme-

ability of gram-negative organisms (29, 30) raises the
possibility that chelation could play a role in the perme-
ability-increasing activity of granulocytes.

Our observations (not shown) indicate that the effects
of EDTA on permeability of E. coli (29, 30) are not
the same as those of PI: we only succeeded in producing
a discrete effect of EDTA on E. coli permeability (as
measured by the effect of Act D on macromolecular syn-
thesis) by strictly adhering to the experimental design
of Leive and Kollin (31). Thus, it was necessary to first
wash the E. coli in 0.12 M Tris buffer before adding
EDTA, and then to remove EDTA within 2 min. Any

TABLE VII
Effect of Mg2+ on PI-Induced ONPGEntry into E. coli

%hydrolysis
MgCl2 of ONPG

mM

E. coli alone 8.8
E. coli + Sup II - 41.9
E. coli + Sup II 5 19.3
E. coli + Sup II 10 13.3
E. coli + Sup II 20 10.3
E. coli + toluene - 100.0
E. coli + Sup II + toluene 20 100.0

Increasing concentrations of MgCl2 were added to incubation
mixtures which contained 2.5 X 108 E. coli induced for 6-
galactosidase and 2.5 mMONPGas substrate. Sup II was
then added. Hydrolysis of ONPGis expressed as percent of
total activity (toluene-treated cells).
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FIGuRE 4 Interaction of PI with susceptible and resistant
microorganisms. Sup II (from 4 X 107 granulocyte equiva-
lents) was incubated in buffered physiological saline (20
mMTris-maleate, pH 7.5) alone or with one of two bac-
terial suspensions: 1.5 X 109 E. coli (W) or 1.5 X 10' S.
marcescens. After thorough mixing for 5 min, the three
incubation mixtures were spun at 10,000 g for 10 min to
sediment the bacteria and each 10,000-g supernatant fraction
was assayed for PI by using the standard conditions in the
presence of Act D.

longer exposure caused general inhibition of macro-
molecular synthesis. By contrast, the discrete effect of
granulocyte extracts is observed for at least 1 h after
addition and does not require pretreatment with or the
presence of Tris buffer. Further, we detected no firm
binding of 'Ca' by Sup II, by E. coli alone, or by
E. coli incubated with Sup II. Thus, a chelate interaction
between PI, E. coli and Ca' (or Mg') seems unlikely.

On the other hand, weak interaction of organic com-
pounds such as antibiotics with divalent cations may
be important determinants in antimicrobial action (32).
Such weak interaction could prevent the binding of PI
to sensitive microorganisms. Several considerations are
in line with this supposition: (a) whereas increasing
numbers of E. coli do not reduce protection by Mg',
increasing concentrations of PI can overcome this pro-
tection (unpublished observations); and (b) we showed
in Tables V and IX that Mg' not only prevents the
increase in permeability but also permits quantitative
recovery of PI in the medium after incubation with
E. coli.

The protection of E. coli by Mg' (or Cab) against
both the permeability effect and the apparent binding of
PI suggests that binding is required for the biological
effect. The observation that binding and the permeability
effect have a closely similar dose-dependence provides
considerable support for this view, as does the finding
that a strain of S. marcescens that is insensitive to PI
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TABLE VIII
Effect of Preincubating PI-Containing Fractions with

Increasing Numbers of E. coli

['4C]leucine
incorporation

(% of E. coli alone
E. coli/ at 30 min)

granulocyte
Additions during preincubation ratio -Act D +Act D

(a) Sup II
None - 100 110
Sup II alone - 72 2
Sup II + 1.3 X 107 E. coli 2:1 77 4
Sup II + 6.3 X 107 E. coli 10:1 89 9
Sup II + 1.0 X 108 E. coli 15:1 99 64
Sup II + 1.3 X 108 E. coli 20:1 108 96
Sup II + 2.5 X 108-E.-coli 40:1 123 118

(b) CMfraction
None - 100 96
CMfraction alone - 86 12
CMfraction + 1.9 X 107 E. coli 3:1 86 18
CMfraction + 6.0 X 107 E. coli 10:1 101 30
CMfraction + 1.0 X 108 E. coli 17:1 115 73
CMfraction + 2.0 X 108 E. coli 33:1 113 99

A constant amount of Sup II (6.6 X 106 granulocyte equivalents) (a) or
CMfraction (6.0 X 106 granulocyte equivalents) (b) was preincubated for
5 min at 37'C with increasing numbers of E. coli (W) in physiological
saline containing 20 mMTris-maleate buffer (pH 7.5). Subsequently this
preincubated mixture was added to the standard PI assay system (con-
taining 2.5 X 103 fresh E. coli) and PI was measured as described in
Methods.

does not bind the activity. Differences among micro-
organisms in binding and/or in biological effect of PI
are likely to provide clues about the physical-chemical
determinants of interaction in the envelope.

It is widely held that the cytoplasmic membrane of
the microbial envelope represents the main permeability
barrier, although other barriers within the envelope
have been proposed (29, 33). The experiments de-
scribed herein provide no further insight into the loca-
tion of the barrier. It is of interest, however, that iso-
lated granules, which contain PI in almost totally sedi-
mentable form, readily exert their effect on the microbial
envelope. If indeed the permeability change is caused
by particle-particle (granule-bacterium) interaction, it is
difficult to reconcile such an effect with a permeability
barrier deep within the envelope. On the other hand,
it has not yet been possible to exclude a transfer of PI
from granule membrane to microbial envelope before
action on the barrier.

The mode of action of the granulocyte's PI remains
undefined but a number of possible mechanisms can be
excluded. The preservation of full permeability-increas-
ing and bactericidal activities, of sensitivity of these
activities to inhibition by Mg"+ and Ca2+, and of the close
correlation of the permeability effect to the dose de-
pendence of binding of PI to E. coli in the most purified

preparations eliminates the possible contribution of other
cationic proteins (such as lysozyme), present in Sup II,
to the observed effects. In addition, both protease and
myeloperoxidase activities, present in whole homogenate,
were absent in the more purified fractions. Because phos-
pholipids probably convey many of the permeability bar-
rier properties to biological membranes, and because
phospholipase activity is thought to be associated with
other microbicidal compounds (colicine, plakin) (34,
35), it is of great interest that the permeability-increas-
ing activity and phospholipase A2 activities have, thus
far, not been separated despite a 1,000-fold purification.
However, the relationship between these two granule-
associated activities is unclear because very limited
E. coli phospholipid hydrolysis accompanies the altera-
tion of E. coli's permeability barrier. Yet, the possibility
remains that even the limited hydrolysis produced by the
granulocyte phospholipase A2 is sufficient to alter
E. coli's permeability barrier.

Although rid of several biologically active granulo-
cyte constituents, the CMfractions that contain highly
purified PI and phospholipase A2 also retain full bac-

TABLE IX
Inhibition of PI Binding to E. coli by Mg'+

C14C]leucine
incorporation

(% of E. coli alone
at 30 min)

Supernatant fraction from preincubated
suspensions of: -Act D +Act D

(a) Sup II
E. coli alone 100 96
E. coli + Sup II 123 117
E. coli + Sup II

+ 20 mMMgCl2 88 7
Sup II alone 75 4

(b) CMfraction
E. coli alone 100 123
E. coli + CMfraction 127 106
E. coli + CMfraction

+ 20 mMMgCl2 75 5
CMfraction alone 57 4

Sup 11(1.5 X 107 granulocyte equivalents) (a) or CMfraction
(1.5 X 107 granulocyte equivalents) (b) was preincubated for
5 min at 37°C with 5.0 X 108 E. coli (W) in physiological
saline containing 20 mMTris-maleate buffer (pH 7.5) in the
presence and absence of 20 mMMgCI2. The mixtures were
then subjected to centrifugation at 10,000 g for 10 min to
sediment the bacteria. The 10,000-g supernatant fractions
were dialyzed against four changes of 200 vol of 1 mMTris-
HCl (pH 7.5). The dialyzed fractions were assayed for PI, as
described in Methods.
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tericidal activity. Nonetheless it is not yet clear to what
extent the rapid increase in permeability contributes to
loss of viability of suspectible gram-negative microor-
ganisms. The finding that different strains of Salmonella
typhimurium were equally effectively killed by granu-
locyte extracts, whether or not they became susceptible
to Act D (4), suggests that a change in permeability
is not absolutely required for loss of viability. It should
be recognized, however, that microbial envelopes may
differ markedly even within a given species and, there-
fore, that microbicidal mechanisms may also differ from
organism to organism (2, 4).

In the case of susceptible bacteria such as E. coli it is
tempting to view the rapid increase in permeability, pos-
sibly induced by granulocyte phospholipase activity, as
a critical component of the granulocyte's bactericidal
mechanisms. Further purification of the granulocyte
factor is necessary to determine whether cidal, phos-
pholipase As, and permeability-increasing activities can
be dissociated or not.
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