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POLYi\10RPHONUCLEAR LEUKOCYTE-INHIBITORY FACTOR

OF BORDETELLA PERTUSSIS.

11. LOCALIZATION IN THE OUTER AllEMBRANE

TADASHI INIAGAWA, SHUNRO SONODA, A1AKOTO KANOH
and SAYAKA UTSUi\'11

Department of \. Iicrobiolog\ , School of \tedicine, Ehime University , Shigcnobu-cho, Ehime
791-02, Japan

(Recei\ed111ne 31,1978)

CM xiARY The outer and inner membranes and c}, toplasnT of spheroplasts of a
strain of phase I B. pel'/113si's were fraction ated by, density, gradient centrifuga-

BIKE\ 10LR\A1. V01.221-10,1979

The high densit}, \, esicles of the outer nTembranes isolated had the " Pill "
characteristic of the bacteria and the same antigenicit}, as the bacterial surface.
Activities for inhibition of polymorphonuclcar leukocytes were also almost exclu-
SIvel\, localized In this outer membrane fraction. The histamine-sensitizing act-
Ivit\, was nTore dispersed, but its specific activity was also highest in the outer mein-
brane fraction. These results suggest that molecules carrying these activities, which
are probably different entities together with the tissue-adhesive pill, form a viru-
ICnce complex on the surface of phase I organisms of B. pel'/ws$13.

tion.

INT'RODECTION

In the preceding report \\, c described a prin-
ciple, designated as polymorphonuclear Ieu-
kocytc-inhibit. ,}, fart. " (PIF), of B, ,viete//"
peltwssis which interferes with the phagocytic
and chemotactic functions of polymorpho-
nunl"ar Ionk. .yt. (PAIN) (Utsumi er a1. , 1978).
The inhibitory effect of PIF on the host's de-
fence mechanism, the resistance of B. peril, $31's
to surface phagocytosis, the higher content of
PIF in phase I than phase 111 organisms, and
the close parallel of PIF production \\, ith pro-

I Present address : Department of Bacteriolog\ ,
Osaka Universit\, School of XIedicine, Yamada-
Kami, Suita, Osaka

duction of the other components characteristic
of phase I, virulent organisms, led us to spec-
ulate that PIF may have pathogenic implica-
tions in pertussis infections. Previous find-
ings suggested that PIF in^, be derived from
the surface of the organism, and if true, this
would also support the idea of biological and
jinmunological significance of PIF. In this
work we examined the location of PIF in B.

pel'juss, 's cells.

\IATERIALS AND \-IETHODS

B. pe, ti, $313 '11/1/1, e

Strains To hama and Sakairi were used as phase I



and 111 organisms, respectively. Organisms \\, erc
cultured in the liquid medium of Cohen and \\'heel-
er (1946) \\, ithout addition of charcoal and harvested
in the late exponential phase of growth. Growth
was SIo\^er in this medium (C-\\' medium) than In
the modified C-\\! medium described previously
(Utsumi at a1. , 1978), but control of growth for
preparation of spheroplasts \\, as easier

2. Isolation of ille, ,Ibrn, re 11 act, 'ons
A{embrane fractions \\, ere separated essentially us

described bv Yamato et a1. (1975). A suspension
of washed cells (2-+XIO" cellsjml) in 20% sucrose
(\VjV) in 30 in xi tris (hydroxymethyl) aminome-
thane (Tris)-HC1-10 inki EDTA, pH 8.0 \\, as treat-
ed with Iysozyme (egg \\, hite, \\, orthington) at a final
concentration of 100 11gjml at O C for I hr \\. ith
constant stirring. The spheroplasts thus formed
were disrupted in a Min^Ier Cell-Mill (Edmunde,
Type V12) at 250 \\atts for 30 min in 20% sucrose-
3 in\I EDTA (disodium), pH 7.2. The intact cells
were removed by centrifLigation at 2,000 x g for
15 min, and the crude membranes \\. ere precipitated
by centrifugation at 78,000 x g for I. 5 hr and washed
first with 10% sucrose-3 inki EDTA and then \\. ith
3 initi EDTA without sucrose; this preparation \\. as

designated as " crude membranes ' .
This crude membrane fraction \\, as layered over

44% sucrose (Wj\V) in 3 initi EDTA and centri-
fuged at 78,000xg for 12 hr at 4 C. The top layer
was separated as the " IVl-I " fraction. The pellet
was \\ashed with 1096 sucrose-3 in"I EDTA, Ia},-
ered on a bilayer of 52% and 56% sucrose (\\'I\\')
in 3 initi EDTA and recentrifuged. The bands
formed on 52% and 56% sucrose layers \\'ere
separated and designated as " A, I-11 " and ' A'I-
111 ", respectively

dilutions of sample \\ere mixed \\, ith an equal vol-
ume of freshl\, isolated It urnan PAIN cells at a con-

centration I XIO'jinl in a micro-titration plate, and
the treated cells \\. ere tested for chemotactic activity.
to E. coficulture filtrate in modified Nelson's agarose
plates (Nelson at a1. , 1975)

For the PI test, FA, IN cells that I\ad been treated
\\. itIT 0.2% Nitroblue tetrazolium, were treated \\, ith
samples as above, and then this phagocytic activit}.
to IgG antibodv-opsonized trinitrophenylated sheep
erythrocytes in tl, e presence of 2 init-I KCN \\. as
judged by the blue color of fLinctioning cells. The
reciprocals of the maximum dilutions that prevented
migration and the blue color in the respective assay
svstems were taken as the Cl units, and PI units
per in I of sample

5. I"lint, "o1/10, este, ice $1,171i"g

Antisera to the membrane fractions I\1.1 and A'I-

111 \\'ere raised in rabbits by t\\'o injections of 2 ing
protein of these fractions in Freund's complete ad-
juvant witlT a one month inter\, al between injections
The IgG fraction of guinea pig anti-rabbit IgG \\, as
prepared by ammonium sulfate precipitation and
then DEAE-cellulose chromatography and \\, as con-
jugated with fluorescein is orhiocyanate (FITC)
Thin smears of phase I bacteria \\. ere treated with
the respective antisera at 37 C for 10 min, washed
thoroughly witl\ saline, and stained with FITC-
anti-rabbit IgG

3 . Extracti'0, , by $011icntio, I in IIJ'err

\\, hole bacterial cells or the membrane fractions
were sonicated in ice-cold 4 M urea-I M NaC1-0.1 M

phosphate buffer, pH 7, at 200 watts for 2 min in
an Ultrasonic Disruptor (Tomy Seiko Co. , Ltd. )
and the extract, designated as SUX, \\. as dial\, sed

0.14 A1 NaC1-0.02 \I Tris. HCl, pH 7. +against

(TBS)

+. Assayjo, ' PMN-,'"Armto, y actit:, t, es

PIF was assayed by measuring chemotaxis-in-
I\ibition (Cl) and phagocytosis-inhibition (PI) as
described previously (Utsumi et a1. , 1978). BrieH}.,

6 Electron Inic, DSCopy

Specimens on hydrophilic grids were negatively
stained with I% uranyl acetate, pH 4.3, and obser-
vations \\. ere made in a IEOL 100B electron micro-
scope. The shadowed profiles were observed using
platinum-palladium alloy,

7. analyt, 'r0/ 711ethods

Protein was determined b\ the method of Lowry
at a1. (1951) and total sugar \\, as assayed by the
metliod of Dubois at a1. (1956) \\. ith glucose as
standard without previous ITydrolysis of the sam-
PIes. 2-Ket0-3 -deoxyoctonate (KDO) was deter-
mined by the method of OSborn at a1. (1972)

2 BIKEN JOURNAL V01.22 No. I 1979

RESULTS

I. Phys!'cal and chemical properIzes of me"I-
61 a"enact, 0"s

The density distribution of the spheroplast



membrane fractions from B. pertussis phase I
(strain To hama), which were obtained by the
procedures used for f. coll' by Yamato at al.
(1975), was examined by density gradient cen-
trifugation. As shown in Fig. I the three frac-
tions formed distinct boundaries in a gradient
of 35.5% to 50% sucrose. The M-I fraction
gave contiguous multiple peaks, the heaviest
of which contained the highest activity of
Mg"-dependent ATPase. The bulk of the
M-111 fraction was precipitated to the bottom
on 4-hr centrifugation at 95,000 xg, but some
lighter component which coincided with the
peal< of M-11 was also present. Fraction M-
U was of intermediate density.

In general this pattern resembles that of

spheroplast membranes of 8,111io"elm typh, '-
I"IIJz'Min described by OSborn at a1. (1972), who
identified the heterogeneous boundary of lower
density and the fraction of greatest densit\,
were identified as cytoplasmic membranes and
the outer membranes, respectively. A similar
density distribution has also been reported for
the spheroplast membranes of ffsche, .Ichirr coh
(Yamato er a1. , 1975 ; NIIzushima and Yamada,
1975). The boundary of M-11 of interme-
diate density mar^ be a complex of the two
membranes, or correspond to inurein-outer
membrane complexes. The ratio of the
yields in dry weight of A1-I: A1-11 : M-111 in
a typical preparation was approximately 4
4: 2.

The electron microscopic appearance of
M-I (Fig. 2, ) un^ in many re^ports char".-
teristic of inner (cytoplasmic) membrane vesi-
cles ; the membranes were heterogeneous in
both size and shape with an irregular contour
and granular surface. The AT-11 fraction (Fig.
2b) resembled the envelopes consisting of
inurein layer and outer membrane obtained by
mechanical disruption of whole cells of fi. coll
(Schnaitman, 1970). In marked contrast to
thus" freeri. us, frosti. n M-111 (Fig. 2. ) an~
peared as smooth, flatten, empty and some-
times coiled vesicles of fairly homogeneous

The appearance of these vesicles wassize.

similar to that of outer membranes of E. coh
(Yamato at a1. , 1975 : Mizushima and Yamada,
1975), but unlike in preparations from E. co/^',
a number of filamentous structures were also
seen attached to, and extended outward from,
the vesicle surface (Fig. 2c). Similar struc-
tures have been found on the cell wall of phase
I organisms of B. pe, jus$13 (Morse and Morse,
1970) and designated as " pili " (Morse and
Morse, 1976).

The higher carbohydrate content, and lower
protein and cytochrome contents of M-111
(Table I) than of A, I-I, are indicative of its
outer membrane origin, but its lipopolysac-
charide (LPS) content estimated by 1<Do
was low, because of the peculiarly low LPS
content in B. pert"$31's (approximately 0.2%).
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FIGURE I. Distribution of spheroplast membrane
fractions of B. perti, $3is on density gradient centrifu-
gation. Fractions M-I (---), M-11 (- - -), and
lv'I-111 (^) prepared from phase I strain
To hama as described in the Maler, 'a/s und Methods
were centrifuged separately on linear concentration
gradients of 35.5% to 50% sucrose (wjw) at 4 C and
95,000xg for 4hr. The arrow indicates the POSi-
tion of ATPase activit},.
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FIGURE 2. Electron microscopic appearance of
spheroplast membranes of B. pert, ,$3i$. Membrane
fractions, (a) M-I (cytoplasmic membranes), (b)
M-11 (membrane complexes), and (c) M-111 (outer
membranes), prepared from phase I strain Tohama,
were negatively stained with 100 uranyl acetate.
Note the filamentous structures on M. 111 vesicles
(c). Irisets illustrate shadowed profiles. Scale :
0.1 I'm.

TABLE I. Protein, Carbohydrate and cyto-
forQine contents

M. I

M-11

M-111

2. Reactitiity of ant, '-membrane antt'60dt'es 202'th
the bccte, ,'@! surface

When a fesh culture of strain To hama was

treated with rabbit anti-sera to M-I (Fig. 3a)
and M-111 then with FITC-labelled anti-rab-
bit IgG, as described in the Matertats amd
Methods (Fig, 3a and b), only the anti-M-111
treated cells appeared fluorescent (Fig. 3b).
This staining was specifically blocked by treat-
merit of the anti-M-111-coated bacteria with

uriconjugated anti-IgG before FITC-labelled
antibody (Fig. 3c).

% Dry weight

SugarProtein

Difference in absorbance at 561 rim between hy-
drosulfite-reduced and ferricyanide-oxidized sam-
PIes at 10 ing proteinjml

.

68.7

58.1

55.5

4.0

5.9

11.7

Cytochromes"
ODsel rim

.

0138

0060

O. 020
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FIGURE 3. Reactivity of anti-membrane antibodies
with the bacterial surface of B. pertussis, phase I
strain Tohama. (a) Cells were treated with anti-
M-I and then with FITC-labelled anti-IgG. (b)
Cells were treated with anti-M-111 and then with

FITC-labelled anti-IgG. (c) Cells were coated
with anti. M-111 as for (b), and with uriconjugated
anti-IgG and then treated with FITC-labelled anti-
IgG.

Lysozyme-EDTA

Whole bacteria

Cell-Mill

3. Local, :aidt, 'on of PIF amof HSF action't, ^$
The locations of PIF and HSF during frac-

tionation of subcellular components of fresh
cultures of strain To hama were next inves-

tigated as illustrated in Fig. 4. For deterini-
nation of the activities in whole bacterial cells,
spheroplasts, and membrane fractions, the
preparations were extracted with 4 M urea-I M
NaCl at neutrality by mild ultrasonic treatment
and the extracts were dialysed against Tris-
HCl-saline, pH 7.4, before assay, as described
in M@te, ,'@Is and Methods. For comparison,
the cytoplasmic sap was also treated in the

The PIF contents of these ex-same manner.

tracts were determined by simultaneous as-
says of their activities for chemotaxis-inhibi-
tion (Cl) and phagocytosis-inhibition (F1) on
freshly isolated human PMN cells from a
single healthy donor.

Spheroplasts

78,000g

Extract

differential

density

centrifugation

Extract

Crude membrane

Extract

Membrane fractions

Extract Extract Extract

FIGURE 4. Scheme of subcellular fractionat ion and
extraction. Details of the procedures are described
in the Materials amd Methods

Undisrupted

M-I

Cytoplasm

The localization of PIF activity in the cell
wall compartment was evidenced by coinpar-
is on of the crude membrane and cytoplasm
fractions with the original whole bacterial
cells ; the activity found in the whole bacteria
was almost fully recovered in the spheroplasts,
and 60-70% of the activity was recovered in
the crude membrane fraction, whereas only
6% or less was present in the cytoplasmic sap.
Another 6% of the original activity was at-
tributed to undisrupted spheroplasts. The
disruption of spheroplast-associated PIF
among the membrane fractions, obtained in
one experiment, is shown in Table 2. The
high content of PIF in the M-111 fraction was
indicated by its high specific activity and high
recovery in this fraction, measured as Cl act-
ivity. PI activity (not listed in Table 2) was
essentially parallel to Cl activity and the same
preparations of M-I and M-111 as in Table 2

M-11 M-111

BIKEN JOURNAL V01.22 No. I 1979



TABLE 2. Localisation of Pit//N-inhibito, J, und lustn"line-sensinginu delicities

Spheroplasts'

Crude ritembranes, !

Fraction A, I-I'

Fraction M-11

Fraction M-111

" One Cl unit Is defined as the acti\it\. causing nearI\. complete inhibition of cliemotaxis of 10' PiVIN
Dilutions of sample were mixed witli 10'1ml PiVIN (I : I) in microtiter plates and the treated cells \\. ere
tested for cliemotactic acti\. Itv to E. coll' culture filtrate in agarose cltemotaxis plates of Nelson at al
(1975)

" Groups of mice \\ere Injected i. \. witli dilutions of samples tliat 11ad been neated at 56 C for 10 min and
cltallenged 3 da\. s later \\'it11 2 rug itistamine. The LD, \. alue as tite HSD, \\as estimated from the
number of deaths \\it11in 16 hr (Lehrer at ill. , 197+)

" Spheroplasts from strain TDI, am a organisn. s, and the extract for assay, obtained b\, sonication in urea,
\\. ere prepared as described in the Mule, 101$ an/I ,Weihod, . The extract was dial\. red before assav

of Unfractionated membrane complexes of disrupted spheroplasts were extracted and dial}. zed before assa}.
' Membrane fractions separated b\. differential densit^ centrifugation as described in tlie Materials and

Methods were extracted and dialvzed before assay

Cl units" per
ing protein

PMN-inhibitor\. acti\. Itv

1.08

2.11

1.29

2.56

12.1

Recover\.

'0

showed 0.7 and 12.1 F1 units per ing protein,
respectiveIv. To other similar experiments
gave speific CT activities of 13.8 and 15.5 units
per ing protein in A'l-111 preparations \\, ith
0.6 and 2.4 units per n, g protein, respectively
in the corresponding A1-I preparations. The
specific activity, of A'I-11 was always inter-
mediate between those in fractions I\I-I and

A1-111. Little PIF activity was found in the
A, I-111 fraction unless it was solubilized; the
Cl activity of A'I-111 in its insoluble \, esicular
fom} was on I\, one-sixteenth of that found in

the extract. In contrast, untreated A, I-I was
as active as the extract from it. The untreated

I\{-11 fraction also contained an active form of

PIF, but this amounted to half the total act-

Ivity found in the extract, again indicating the
intermediate property of this fraction.

Histamine-sensitizing (HS) activit\, was

more widel\, distributed and could not be ex-

actly I. conned like PIF (T, ble 2). About
one-third of the activity found in the extract
of spheroplasts appeared in the cytoplasmic
sap after disruption, and the envelope-as-

100

65

12 .+

22

51.7

Histamine-sen sitizing activit\.

HSD, rib per
ing protein

117

370

480

340

950

Recoverv

96

100

52

21.9

13

18.6

SOCiated activi^, (crude membranes, Table 2)
too was distributed between the membrane

fractions. Nevertheless, the specific activity
was 3-fold higher in the crude membranes,
and 8-fold higher in the A'l-111 fraction than
in original spheroplasts.

DISCUSSION

The method used for separation of mein-
brane fractions of E. co/,' by Yamato at al.
(1975) proved useful in the present study on
B. pel'Iwssi\'. The yield of our A'I-111 fraction,
which corresponds to their outer membrane
fraction, ITowever, \\, as not quite satisfactory
(about 20% of the entire spheroplast mein-
branes), indicating that improvement in the
experimental conditions are necessary. De-
composition of the peptidoglycan may have
been incomplete resulting in a poor recovery
of the outer membranes and a relatively high
yield of the intermediate fraction, AJI-11, which
may consist of entire cell walls or the inurein-
outer membrane complexes, or both.

I\IAOAWA, T. at al. PMN-inn, titory Incl0, o1 B. perilrss, 's. 11 7



The density distribution, the electron inic-
roscopic appearance particularly the charac-
teristic " pili ", the serologic activity, which
was the same as that of the bacterial surface,
and chemical findings all indicate that A{-111
fraction was derived from the outer me in-

branes. The purity of A{-111 could not be
estimated, but the presence of inner mein-
branes or other atypical aggregates would have
been detectable under an electron microscope,
and the presence of soluble molecules in this
Yesicular fraction seems unlikely, unless these
molecules are secondarily adsorbed. On the
other hand, the main inner membrane frac-
tion M-I may well be contaminated by outer
membranes as well as soluble components.
The biologic principle, PIF, was previously
found to be released spontaneously into the
medium and to be readily extractable from
whole cells of phase I B. peril, $315 by mild pro-
CGdures (Utsumi et a1. , 1978). As shown in
Table 2, in this work, analysis of the inhibitory,
effects of subcellular components on PMN
showed that PIF \\, as localized in the outer

membrane fraction (M-111). Most of the
activity in the whole bacteria was retained in
the spheroplasts and little, if aru, , was found in
the cytoplasm after mechanical disruption of
the spheroplasts. Most of the activity re-
tained by the spheroplast membranes was re-
covered in the outer membrane fraction. The

marked increase in the specific activity of PIF
in the M-111 fraction, 11 times that in the
spheroplasts, (Table 2) supports the conclus-
ion that PIF is attached exclusively to the
outer membranes.

The PIF associated with the outer mein-

brane fraction was not effective. This sug-
gests that PIF is incorporated into a macro-
molecular assembly on the membrane, in a
masked or immobilized state. The small pro-
portion (6%) of activity found in the untreated
outer membrane fraction might therefore in-
dicate a slow, spontaneous release of PIF
molecules into the medium. In contrast, all
the activity in the inner membrane fraction
was present in an active form, and is probably

due to contamination of this fraction with free
PIF molecules liberated from the outer mein-

brane during the isolation procedure.
The histamine-sensitizing effect had a wide

distribution, and consequently the exact IOCa-
tion of HSF could not be determined in the

present study. This wide distribution may
in part be due to technical difficulties in es-
timating HS activity which is elicited by HSF
in the presence of other biologically active
components, such as lethal toxins of B. pel Ius-

The results in Table 2 were thus obtained

by assays on samples that had been heated at
56 C for 10 min to Inactivate heat-labile toxin,
but this heat treatment in a\, have lowered the

HS activity to different extents in the dif-
forent fractions. Another possibility is that
HSF molecules are bound only loosely to
some fraction and are easily liberated into
solution during the fractionation procedures.
This possibility seems to be the best explana-
tion for the activity in the non-precipitated
fractions, such as the cytoplasmic sap and ^'I-
I, ,btained by centrifugati, n (T, ble 2).
Nevertheless it seems significant that the
specific activity of HSF in the outer membrane
fraction was considerably higher than that in
the spheroplasts or whole envelopes (crude
membranes), as shown in Table 2.

ATorse and Morse (1970) demonstrated 111a-
meritous structures, pill, on the cell wall and
also presented evidence for a close association
of the Ieukocytosis-promoting factor (LPF)
and HSF with these structures. Sato at al.

(1973, 1974) ants. qnently ^h. wad that LPF,
HSF and ham"gglutinin (HA) w, re coin, d by
the same molety, suggested to be the maincn-
to us structures. Niore recently, however,
LPF (=HSF) has clearly been separated from
the pili, which are responsible for the HA
activity (Morse and A10rse, 1976). On the
other hand, Parton and wardlaw (1975) 0b-
tained two distinct bands on SDS-polyacryl-
amide gel-electrophoresis from envelopes of
phase I organisms, but nor from those of
phase IV organisms. These polypeptides, with
itI\\7 of 30,000 and 28,000, disappeared when

$15.
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the virulent phase I organisms \\, ere converted
in culture to the non-virulent C-mode bacteria

which lack HSF and the protective antigen
(\\;ardla\v at a1. , 1976). There is no\\, much
suggestive, but not conclusive, evidence for
the surface localization of HSF, and the pre-
sent findings also Indicate Its high content, it
not specific localization, In the outer mein-
branes. Further investigations are in pro-

on the exact location of HSF and itsgress
relation \\, ith PIF

The PIF activity measured in our assay, s\, s-
terns was very, 10\\, 2-20 x 10' bacterial equiv-
alents of extract being required to in activate a
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