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Normal mouse serum was found to contain a protein, referred to here as factor, which binds to the inner core
region of lipopolysaccharides (LPSs) of various bacterial families. Since factor-LPS interactions resulted in
activation of guinea pig complement, factor activity could be assayed by a passive hemolysis test with sheep
erythrocytes coated with LPS or lipid A from Acinetobacter calcoaceticus (which was found earlier to bind
particularly well to factor). Factor was purified by G-50 and hydroxyapatite chromatography whereby the
specific hemolytic activity was enriched 1,675-fold. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
under reducing conditions revealed the presence of a 28,000-dalton protein as the main band. The identity of
this band was determined by absorption experiments with LPS-coated sheep erythrocytes or latex beads,
whereby the 28,000-dalton band disappeared after specific absorption and could be recovered from the
absorbent. The binding specificity of factor was determined in a passive hemolysis inhibition assay with defined
oligosaccharides representative for the inner core region of LPS. Thus, the di- and trisaccharides a-D-
mannoheptopyranosyl-(1—5)-2-keto-3-deoxy-D-mannooctonic acid and a-D-mannoheptopyranosyl-(1—3)-a.-D-
mannoheptopyranosyl-(1—5)-2-keto-3-deoxy-D-mannooctonic acid, respectively, were able to inhibit binding of
factor to LPS. The results are in accordance with our earlier observation that the heptose-2-keto-3-deoxy-D-
mannooctonic acid region represents a common antigen of bacterial LPS. Rabbit hyperimmune serum directed
against this common antigen and purified factor was found to exhibit the same specificity for LPS. Factor
activity was followed in mice in vivo after injection of LPS; it disappeared completely 15 min after the injection

of LPS and reappeared within 1 h.

In previous communications, we have reported on a new
type of common antigen, referred to as common lipopoly-
saccharide (LPS) specificity, which is located in the inner
core region of bacterial LPS (4, 5). This antigen is particu-
larly well exposed in the LPS and lipid A of Acinetobacter
calcoaceticus (3, 4), a member of the Neisseriaceae family;
however, immunochemical investigations have shown that it
is present in all S- and R-form LPSs of different bacterial
families except in those enterobacterial strains having the Re
chemotype (5). It was further demonstrated that, for the
expression of this antigenic determinant, 2-keto-3-deoxy-D-
mannooctonic acid (KDO) and one neutral sugar attached to
it were required (2, 5).

In addition, this determinant is immunogenic for rabbits,
since immunization with killed A. calcoaceticus bacteria led
to the production of antibodies which were highly specific
for the common LPS specificity (4). Moreover, we have
found earlier that normal serum of many mammalian species
including humans, was able to lyse sheep erythrocytes
(SRBC) sensitized with LPS or lipid A from A. calcoaceticus
by recognizing the common LPS specificity (4). The lysis
was shown to be dependent on the activation of complement
by the classical pathway (unpublished result). This hemo-
lytic activity was particularly high in mice and rats, where
titers of up to 4,000 were found. The present investigation
was carried out to elucidate the nature of this naturally
occurring, LPS-binding serum activity. It will be shown that,
in the mouse, this hemolytic activity is not immunoglobulin,
but a low-molecular-weight protein, which after interaction
with a specific ligand (KDO region of LPS) activates com-
plement as measured by a hemolytic test system. This
protein is referred to here as factor.
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MATERIALS AND METHODS

Chemicals. Bovine serum albumin (BSA), essentially fatty
acid free, was obtained from Sigma Chemical Co. (Munich,
Federal Republic of Germany), as were the oligosaccharides
maltose, raffinose, stachyose, turanose, palatinose,
gentiobiose, and N,N-diacetyl-chitobiose. 2-Mercaptoeth-
anol was purchased from Serva (Heidelberg, Federal Repub-
lic of Germany). Trypsin was from Boehringer (Mannheim,
Federal Republic of Germany), and hydroxyapatite was from
Calbiochem (La Jolla, Calif.). The ammonium salt of KDO
was kindly provided by F. M. Unger, Sandoz-Forschungs-
institut (Vienna, Austria).

Bacterial LPS and lipid A. LPS and lipid A were prepared
from A. calcoaceticus as described previously (3). Lipid A
was obtained from LPS of an Escherichia coli Re mutant,
strain F515, after hydrolysis in 0.1 M acetate buffer (100°C
for 1 h). Alkali treatment was performed in 0.25 M NaOH
(56°C for 1 h) by the method of Neter (27). a-D-Manno-
heptopyranosyl-(1—5)-KDO and a-D-mannoheptopyrano-
syl-(1—3)-a-D-mannoheptopyranosyl-(1—5)-KDO were pre-
pared from the LPS of Salmonella minnesota strains R4
(Rd,P~ mutant) and R7 (Rd;P~ mutant), respectively, after
hydrolysis (acetate buffer, pH 4.4, 0.1 M; 100°C for 1 h) and
purification on Bio-Gel P-2 (110 by 2.5 cm; Bio-Rad Labo-
ratories, Munich, Federal Republic of Germany) with water
as the eluant. The linkages were determined by gas-liquid
chromatography—-mass spectrometry of the reduced and
permethylated derivatives (H. Brade, H. Moll, and E. T.
Rietschel, Biomed. Mass Spectrom., in press). The
anomeric configurations were investigated by nuclear mag-
netic resonance spectroscopy (F. M. Unger and H. Brade,
unpublished results).

Animal sera. Normal mouse serum (NMS) was obtained
from 10 to 14-week-old female NMRI mice by exsanguina-
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tion from the axillary vein under ether anesthesia (kindly
provided by K.-D. Hungerer, Behringwerke Marburg, Fed-
eral Republic of Germany). The blood was allowed to clot
for 30 min at 37°C, followed by centrifugation in the cold.
The serum was absorbed with SRBC and stored at —20°C.
Serum was also obtained from different inbred strains of
mice from the animal stock of the Max-Planck-Institut fiir
Immunbiologie (Freiburg, Federal Republic of Germany).
Rabbit hyperimmune serum against the common LPS spec-
ificity was prepared as described earlier (4). From this
serum, immunoglobulin M (IgM) antibodies were prepared
by gel filtration on Sephadex G-200 (1.5 by 100 cm).

Liquid chromatography. Gel permeation chromatography
was performed on Sephadex G-50 fine and G-200 and Seph-
acryl 200 and 300 (Pharmacia Freiburg, Federal Republic of
Germany), Bio-Gel P-10 (Bio-Rad), and controlled porous
glass (5.9 nm; Serva). The effluent buffer was Tris hydro-
chloride (100 mM, pH 8.0) in 250 mM NaCl. All effluents
were monitored by the passive hemolysis test for hemolytic
activity, and the UV absorbance was recorded at 280 nm.

Protein determination and SDS-PAGE. Protein was deter-
mined by the method of Lowry et al. (24). Samples contain-
ing low amounts of protein were precipitated with trichlo-
roacetic acid (TCA; 10%, wt/vol). Dilute samples were
concentrated in the same way for sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), which was
performed by the method of Laemmli (23) with a 14% gel
stained with Coomassie brilliant blue G-250 after electropho-
resis. Bovine serum albumin (66 kilodaltons [kDa]),
ovalbumin (45 kDa), trypsinogen (24 kDa), trypsin inhibitor
(20 kDa), and lactalbumin (14 kDa) were obtained from
Sigma and used as molecular mass standards.

Serological methods. The passive hemolysis test was used
to measure the hemolytic activity of NMS, purified factor,
and rabbit immune serum (4, 15, 27). SRBC were washed
three times in phosphate-buffered saline and sensitized with
alkali-treated A. calcoaceticus lipid A (lipid A-OH). The
optimal dose of antigen for sensitization was determined for
each batch of antigen (usually in the range of 20 to 80 p.g per
0.2 ml of packed SRBC). Sensitization was achieved by
incubating packed SRBC (0.2 ml) in phosphate-buffered
saline (4 ml) with 40 pg of A. calcoaceticus lipid A-OH (in 20
ul of water) at 37°C for 30 min. The antigen-coated cells were
washed three times in phosphate-buffered saline and finally
suspended in 40 ml of Veronal-buffered saline (VBS) to give
a 0.5% suspension. The test was either performed in micro-
titer trays (semiquantitative assay) or in test tubes (quanti-
tative assay). In the semiquantitative assay, serial twofold
dilutions of serum in VBS (50 pl) were incubated with
antigen-coated SRBC (50 pl of a 0.5% suspension in VBS)
and guinea pig complement (25 pl of a 1:20 dilution in VBS,
absorbed with A. calcoaceticus lipid A-OH) at 37°C for 1 h.
After centrifugation, 50% endpoint titers were determined
by the naked eye. One hemolytic unit is defined as the
amount of serum causing 50% of hemolysis under these test
conditions. In the quantitative assay, 100 pl of a serial
twofold serum dilution in VBS was incubated with 100 pl of
VBS, 25 wl of guinea pig complement (absorbed with A.
calcoaceticus lipid A-OH and diluted 1:4 in VBS) and 1.0 ml
of a 0.5% suspension of antigen-coated SRBC at 37°C for 1 h.
After centrifugation, the supernatants were read spectropho-
tometrically at 546 nm.

Quantitative inhibition experiments were carried out as
follows. Serial twofold dilutions of inhibitor in 100 pl of
water were incubated (37°C for 15 min) with 100 pl of an
appropriate NMS dilution. This serum dilution (usually in
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the range of 1:300 to 1:400) was adjusted to cause 80% of
hemolysis without the addition of inhibitor. Antigen-coated
SRBC (1.0 ml) and complement (25 pl of a 1:4 dilution) were
added, and incubation was continued at 37°C for 1 h. After
centrifugation, the supernatants were measured at 546 nm in
a spectrophotometer. Inhibition is expressed as the percent-
age of hemolysis compared with a control without inhibitor.

Absorption experiments. Absorption was carried out at 4°C
with native SRBC or at 37°C with glutardialdehyde-fixed
SRBC to which the respective ligand had been coated (100
g per 0.2 ml of packed SRBC). Absorption was also done
with antigen-Coated latex particles. To 100 ul of a latex
suspension (B;_y:to-Latcx 0.81; Difco Laboratories, Detroit,
Mich.), 50 pg of antigen in saline (1,400 nl) was added and
incubated at room temperature for 1 h, followed by two
cycles of washing and centrifugation (10 mM Tris hydrochlo-
ride [pH 8.0]; 10,000 x g for 30 min). Active sites were
blocked with 0.1% BSA in the same buffer (room tempera-
ture for 1 h). After two additional steps of washing, the
particles were sedimented by centrifugation and used for
absorption of factor activity (see Results).

RESULTS

Purification of factor from NMS. NMS with a hemolytic
activity of 80 x 10 hemolytic units per ml was fractionated
by gel permeation chromatography on Sephadex G-50. The
hemolytic activity eluted within the total volume of the
column, indicating either a binding to the gel support or the
presence of a low-molecular-weight factor. Determination of
protein indicated that 99.8% of the total protein was re-
moved by this first step, and 30% of the hemolytic activity
was recovered, resulting in a 400-fold enrichment. The
elution pattern is shown in Fig. 1. Fractions containing the
hemolytic activity were combined and further purified by
hydroxyapatite chromatography. Adsorption was performed
batchwise by adding solid hydroxyapatite conditioned with
starting buffer until the supernatant was free of hemolytic
activity. The hydroxyapatite was transferred to a column
and eluted with a linear gradient from 50 to 500 mM of
phosphate buffer (pH 7.0). The hemolytic activity eluted as a
sharp peak at an ionic strength of 250 mM, and its recovery
was found to be 100%. Protein determination indicated that
about 75% of protein had been removed (considering the
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FIG. 1. Fractionation of NMS by gel-permeation chromatogra-
phy. NMS (35 ml) was loaded on a column (100 by 5.0 cm) packed
with Sephadex G-50 and eluted with Tris hydrochloride (100 mM,
pH 8.0) in 250 mM NaCl as the effluent buffer. The UV absorbance
(A2g0) Was monitored, and the hemolytic activity was measured by
the passive hemolysis test as described in Materials and Methods.
Fractions of 10 ml were collected.
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FIG. 2. Purification of factor from NMS by hydroxyapatite chro-
matography. Factor obtained after G-50 chromatography was bound
to hydroxyapatite and eluted with a linear gradient (§9 to 500 mM) of
phosphate buffer (pH 7.0). UV absorbance (Azg) and hemolytic
activity were recorded in the effluent. The dotted line represents the
slope of the salt gradient.

foregoing preparation as 100%). The elution profile is shown
in Fig. 2.

Thus, in a two-step purification, factor was specifically
enriched 1,675-fold, and the overall recovery was 33% in
terms of hemolytic activity (Table 1).

Identification of factor and determination of its molecular
mass by SDS-PAGE. SDS-PAGE after each step of purifica-
tion showed the specific enrichment of a band with a
molecular mass of 28 kDa. After G-50 chromatography (lane
A in Fig. 3), many additional bands were visualized in the
range of 66 kDa. After hydroxyapatite chromatography (lane
C in Fig. 3), besides the 28-kDa band, only one band of 66
kDa was seen. After Western blot transfer, this band stained
with anti-mouse albumin antiserum (data not shown). When
the gel was loaded with 10 times more material (lane B in
Fig. 3), other proteins were observed, but with very low
intensity. When individual fractions after G-50 and
hydroxyapatite chromatography, .respectively, were ana-
lyzed for hemolytic activity and by SDS-PAGE, the 28-kDa
band was seen most intensely in fractions containing the
maximal hemolytic activity (data not shown). Therefore, this
band was assumed to represent factor.

Identification of factor was achieved in two different ways.
First, NMS was absorbed with SRBC which had been coated
with A. calcoaceticus lipid A-OH (specific ligand) whereby
the hemolytic activity was completely abolished. As a con-
trol, another sample¢ of NMS was absorbed in a similar
manner with E. coli lipid A-OH (nonspecific ligand) to proof
the specificity of the absorption. The two absorbed samples
and a nonabsorbed sample were separated each on G-50 as
described above, and fractions containing the hemolytic
activity were pooled (in case of the specifically absorbed

TABLE 1. Purification of factor from NMS serum by
chromatography with Sephadex G-50 and hydroxylapatite (HA)

Total

Total o Sp act
\Y/ p activity? Recovery - 4
Prepn protein® . (hemolytic U/mg
(ml) (mg) (henll'(;)lytlc (%) of protein)
NMS 35§ 2,415 2.87 x 10° 100 1.19 x 10°
G-50 170 1.81° 8.70 x 10° 30 4.81 x 10°
HA 3.7 0.47°  9.40 x 10° 33 2.0 x 10°

¢ Determined by the method of Lowry et al. (24).

b Determined by the microtiter passive hemolysis test with SRBC coated
with A. calcoaceticus lipid A-OH.

¢ Determined by the Lowry assay after precipitation with TCA.
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FIG. 3. SDS-PAGE of purified factor from NMS after G-50 (lane
A) and hydroxyapatite chromatography (lane C and lane B with 10
times more material). Samples were precipitated with TCA and
resolved in sample buffer. Arrows indicate the positions of marker
proteins (66 kDa, BSA; 45 kDa, ovalbumin; 24 kDa, trysinogen; 20
kDa, trypsin inhibitor; 14 kDa, lactalbumin). Electrophoresis con-
ditions were as described by Laemmli (23) with a 14% gel; staining
was performed with Coomassie brilliant blue.

sample, corresponding fraction numbers were combined),
precipitated with TCA, and subjected to SDS-PAGE (Fig.
4). In all samples, three major bands were visualized with
Coomassie blue, one of which exhibiting the same molecular
mass as BSA. In addition, the 28-kDa protein was observed
in the nonabsorbed sample (lane A in Fig. 4) and in the
nonspecifically absorbed sample (lane C); however, it was
completely absent in the specifically absorbed sample (lane
B). .
Second, factor was purified by G-50 chromatography and
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FIG. 4. Identification of factor by absorption. NMS was ab-
sorbed with SRBC coated with either A. calcoaceticus lipid A-OH
(specific ligand) or with E. coli lipid A-OH (nonspecific ligand) to
exclude nonspecific absorption. Both absorbed samples and a
nonabsorbed NMS sample were fractionated by G-50 chromatogra-
phy (Fig. 1) and analyzed by SDS-PAGE. The band at 28 kDa is seen
in the nonabsorbed sample (lane A) and in the nonspecifically
absorbed sample (lane C), whereas it is absent in the specifically
absorbed sample (lane B). Electrophoresis and staining conditions
are as in Fig. 3.
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FIG. 5. Identification of factor by absorption. Factor obtained
after G-50 chromatography (20 ml) was absorbed with latex particles
coated with either the specific ligand (A. calcoaceticus lipid A-OH)
or a nonspecific ligand (E. coli lipid A-OH). After centrifugation, the
supernatant (precnpltated with TCA) and the sedimented latex
particles (boiled in sample buffer) were analyzed by SDS-PAGE.
Lanes A and B represent the sediment and the supernatant, respec-
tively, after specific absorption, and lanes C and D represent the
sediment and supernatant, respectively, after nonspecific absorp-
tion. The 28-kDa band is seen in the sediment after specific
absorption (lane A) and in the supernatant after nonspecific absorp-
tion (lane D). Electrophoresis and staining conditions are as in Fig.

absorbed with latex particles which had been coated either
with the specific ligand (A. calcoaceticus lipid A-OH) or the
nonspecific ligand (E. coli lipid A- OH) After centrifugation,
the sedimented particles (boiled in sample buffer) and the
supernatant (precipitated with TCA) were analyzed by SDS-
PAGE (Fig. 5). When specifically coated latex particles were
used, the 28-kDa band was found in the sediment (lane A in
Fig. 5), whereas it was absent from the supernatant (lane B).
On the other hand, after nonspecific absorption, the band
was present in the supernatant (lane D in Fig. 5) and not
found on the sedimented latex particles (lane C). Determi-
nation of the hemolytic activity after absorption indicated
that the absorption was specific and complete (Table 2).
Thus, the 28-kDa band was only observed in samples exhib-
iting hemolytic activity, further supporting our assumption
that this protein represents factor.

TABLE 2. Hemolytic activity of NMS and G-50-purified factor
before and after absorption

Hemolytic
activity” (U/ml)

NMS (not absorbed) 81,920
Absorbed SRBC-A. calcoaceticus lipid A-OH® 100

Prepn

Absorbed SRBC-E. coli lipid A-OH 81,920
G-50-purified factor¢ (not absorbed) 5,120
Absorbed latex-A. calcoaceticus lipid A-OH? <100
Absorbed latex-E. coli lipid A-OH 5,120

“ Tested with SRBC coated with A. calcoaceticus lipid A-OH in the
microtiter passive hemolysis test.

# NMS (1.0 ml) was absorbed with glutardialdehyde-fixed SRBC (50 p) to
which the respective ligand had been coated (100 ug per 0.2 ml of packed
SRBCQ).

< Obtained after chromatography of NMS on Sephadex G-50.

4 Factor (4.0 ml) was absorbed with a suspension of latex beads (100 pl)
coated with respective ligand.
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Binding specificity of factor for LPS and isolated core
oligosaccharides. The binding of factor to LPS was assayed
by the quantitative passive hemolysis inhibition test
whereby constant amounts of factor (causing 80% of lysis of
the test SRBC) were inhibited by preincubation with various
amounts of A. calcoaceticus LPS. The reactivity of purified
factor was compared to that of unfractionated NMS and to
the reactivity of an IgM-rich serum fraction obtained from
rabbit immune serum after immunization with heat-Killed A.
calcoaceticus bacteria (Fig. 6). Purified factor and NMS
exhibited superimposed sigmoid inhibition curves with a
50% inhibition value of 4 ng of LPS. This suggests that factor
alone without additional serum components is able to bind to
LPS, followed by activation of guinea pig complement. The
inhibition of specific immunoglobulin is also represented by
a sigmoid inhibition curve of similar shape; however, 8 times
more antigen (64 ng) is required to yield 50% inhibition of
lysis. When factor and immune serum were tested by the
hemagglutination technique, the latter was found to aggluti-
nate antigen-coated SRBC, whereas the former failed to do
so.

The inhibition of purified factor was also tested with
isolated oligosaccharides to determine its binding specificity.
A di- and trisaccharide with one and two heptose residues,
respectively, linked to position 5 of a reducing KDO moiety
were prepared from the respective LPS of S. minnesota
rough mutants (strains R4 and R7) and tested for their
inhibition of factor by the passive hemolysis inhibition test
(with A. calcoaceticus lipid A-OH-coated SRBC as test
erythrocytes). Various oligosaccharides (maltose, lactose,
raffinose, stachyose, gentiobiose, turanose, palatinose, N,
N- diacetylchitobiose) and the ammonium salt of KDO were
tested in parallel (Fig. 7). The trisaccharide a-D- mannohep—
topyranosyl-(1—3)-a-p-mannoheptopyranosyl-(1-5)- KDO
and the disaccharide a-D-mannoheptopyranosyl-(1—5)-
KDO inhibited factor specifically with 50% inhibition values
of 30 and 60 pg, respectively. None of the commercially
available oligosaccharides or KDO monosaccharide was
able to confer inhibition in concentrations of up to 400 ug
(data not shown).

Inhibition of factor in vivoe. To see whether factor binds to
LPS under in vivo conditions, C57BL/6 mice were injected

100 -

Inhibition' of lysis (%)
8

025 1. “ 16 64 256
Amount of inhibitor (ng LPS)

FIG. 6. Inhibition of NMS (O), purified factor after hydroxy-
apatite chromatography (O), and IgM from rabbit immune serum
against A. calcoaceticus (X) with A. calcoaceticus LPS. Constant
amounts of NMS, purified factor, or rabbit hyperimmune IgM
causing 80% of lysis of the test erythrocytes were preincubated with
various amounts of LPS and tested with SRBC coated with A.
calcoaceticus lipid A-OH. Inhibition is expressed as the percent loss
of hemolytic activity.
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with 100 png of A. calcoaceticus LPS intravenously and
exsanguinated after various lengths of time (in groups of
four), and the hemolytic activity of factor was determined in
the serum. The activity came down to zero 5 min after the
administration of LPS (Fig. 8). After 2 h, the activity
reappeared in the serum (titer of 160) and reached the
starting level of 1,280 after 8 h. In another experiment, the
injected dose of LPS was varied to determine the minimal
amount of LPS necessary for complete inhibition of factor,
which was found to be 12 ug of LPS per mouse. With this
dose, the time course of factor activity was followed again
(Fig. 8). The zero level was reached after 15 min; however,
the original level was observed already after 1 h ahd did not
change thereafter over the observed period of time.

Occurrence of factor in mice. Different inbred strains of
mice were tested for the presence of factor by determining
the hemolytic activity in sera. The following strains were
found to exhibit factor activity: C57BL/6, NMRI, BALB/c,
CBA/N, ASW/Sn, AJ, C57TH2K, CWB, ATH, B10.AQR,
A.A.L., C3H/HelJ, C3H/Tif, C3H/HeN, B10.D2, B10.A4R,
and BALB/c nu nu. Thereby we observed that, within a
given motise strain, no variation at all occurred from one
individual to another (groups of six mice were tested), and
that interstrain variation was neglectably low, between 1,280
and 5,120. Factor was present in newborn mice (strain
C57BL/6), however, with significantly lower activity (titer of
32). In 10-day-old mice, the activity was expressed to the
same extent as in adult animals. Immunization of mice
(strain NMRI) with heat-killed A. calcoaceticus bacteria did
not influence the activity of factor, independent of whether
the animals were immunized with a single or repeated
injections of immunogen.

Physicochemical stability of factor. The stability of factor in
whole NMS was followed under different physicochemical
conditions with respect to hemolytic activity. Factor was
found to be stable at 4°C for at least 1 month and at —20°C
for more than 1 year. Factor was also stable for 2 h at 37°C
and for 1 h at 45°C; however, it was completely inactivated
at 56 and 60°C after 20 and 5 min, respectively. NMS could
be treated at 4°C with chloroform or 1,1,2-trichlortrifluoro-
ethane without loss of activity, whereas treatment with

100 1

Inhibition of Llysis (%)

100 200

625 125 25 SO
Amount of inhibitor (pg)

FIG. 7. Inhibition of factor by isolated oligosaccharides from
LPS of S. minnesota rough mutants. Constant amounts of factor,
causing 80% of lysis of the test erythrocytes, were preincubated
with various amounts of a-D-mannoheptopyranosyl-(1—5)-KDO
(O) or a-p-mannoheptopyranosyl-(1—3)-a-D-mannoheptopyran-
osyl(1—5)-KDO (@) and tested for the residual hemolytic activity
with SRBC coated with A. calcoaceticus lipid A-OH. Inhibition is
expressed as the percent loss of hemolytic activity.
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FIG. 8. Inhibition of factor under in vivo conditions. NMRI mice
were injected with 100 pg (@) of 12 pg (O) of A. calcoaceticus LPS
intravenously and exsanguinated after various lengths of time. The
hemolytic activity of factor was determined in the serum by using
SRBC coated with A. calcoaceticus lipid A-OH. Each point repre-
sents the mean value obtained from four mice.

2-mercaptoethanol (0.1 M, room temperature for 1 h) or
trypsin (0.1%, 37°C for 30 min) abolished the hemolytic
activity completely. Purified factor after G-50 and
hydroxyapatite chromatography was stored for 3 months at
—70°C without loss of hemolytic activity. Factor could be
precipitated from NMS with ammonium sulfate at a concen-
tration of 33 to 50% (4°C) or with polyethylene glycol (4 to
10%). However, the purification and the recovery were
poorer than with G-50 chromatography as the first step of
purification. Factor exhibited hydrophobic properties lead-
ing to nonspecific absorption to glass and plastic surfaces
and to various gel supports. By this, factor was bound to
polyacrylamide (Bio-Gel), to polyacrylamide-agarose gels
(Sephacryl), and to controlled porous glass. As shown
above, factor was also slightly retained by Sephadex G-50,
however, the retention was much less pronounced than with
other supports. Also the contact with dialysis tubing resulted
in considerable loss of activity; therefore dialysis steps were
avoided during the preparation of purified factor.

DISCUSSION

In earlier publications, we have reported on a new type of
common antigen of gram-negative bacteria which resides in
the so-called inner-core region (heptose-KDO region) of
bacterial LPS (4, 5, 12; Brade et al., in press). This antigenic
determinant could be differentiated from all yet described
antigenic specificities of LPS, e.g., the core (25) and lipid A
antigenic determinants (9, 15, 31) by its specific interaction—
as measured in a passive hemolysis assay—with rabbit
immune serum elicited against heat-killed bacteria of the
genus Acinetobacter, a member of the Neisseriaceae family.
In the LPS and lipid A of Acinetobacter spp., the antigen
was first detected and found to be particularly well exposed.
However, we found later that the new type of antigen is
present in all LPSs containing KDO and neutral sugars (2, 5).
Since the deep rough mutants of the Re chemotype contain
only a KDO disaccharide as sugar constituents of the core
(7, 8), they did not express the aforementioned antigenic
specificity. Immunochemical investigations indicated that
the neutral sugar, required in addition to KDO, could be
either heptose (as found in all enterobacterial and many
other LPSs), glucose, as determined in the LPS of A.
calcoaceticus (3), or mannose, as shown by Smith degrada-
tion of enterobacterial LPS (5). We have also reported
earlier, that normal serum of many mammalian species—
including humans—contains a naturally occurring activity
which binds to the above-mentioned antigenic determinant.
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The highest activities were found in mice and rats, where
titers of up to 5,120 were observed. The activity was
measured by the ability of the serum to lyse antigen-coated
SRBC in a complement-dependent assay. The activity was
assumed to constitute ‘‘natural antibody’’ (4); however, its
immunoglobulin nature had not been proven. In the mean
time it became evident that in mice this naturally occurring,
LPS-binding factor is not immunoglobulin (unpublished ob-
servation). Therefore, we started to investigate the nature
and the biological properties of this factor.

Factor was purified from normal serum of NMRI mice by
two chromatography steps on Sephadex G-50 and
hydroxyapatite, respectively. After these steps, factor was
enriched 1,675-fold, and the overall recovery was 30% in
terms of hemolytic activity (Table 1). Factor exhibited
hydrophobic properties and tended to form aggregates dur-
ing the purification. Therefore, the hemolytic activity of
factor may have been underestimated, and the specific
purification may be even more efficient. SDS-PAGE of
purified factor under reducing conditions showed two major
bands. One band had a molecular mass of 28 kDa; the second
migrated to the same position as BSA and stained after
Western blot transfer with anti-mouse albumin and thus was
regarded as contamination with serum albumin. Since the
hemolytic activity of factor could not be assayed after
electrophoresis because of its sensitivity to various deter-
gents (data not shown), and, moreover, since an antiserum
against factor is not yet available, identification of factor was
achieved by absorption experiments. NMS was absorbed
with the specific ligand (A. calcoaceticus lipid A-OH) and
purified in parallel to a nonabsorbed sample. All bands but
the 28-kDa protein were visualized after SDS-PAGE in the
absorbed sample. The specificity of the absorption was
demonstrated by using an antigenically unrelated antigen of
similar hydrophobicity (E. coli lipid A-OH) which did not
abolish factor activity. Since antigen-coated SRBC were
used for this experiment, elution of absorbed factor from
SRBC was not possible. Therefore, absorption was also
carried out with antigen-coated latex particles. To avoid
nonspecific binding to the hydrophobic surface of latex
beads, the active sites were blocked with BSA. In addition,
latex beads coated with an antigen of similar physicochem-
istry but no binding specificity for factor (E. coli lipid A-OH)
were used as a control. The sedimented particles (together
with bound factor) were boiled in SDS buffer and subjected
to SDS-PAGE; the supernatants were analyzed after precip-
itation with TCA. When specifically coated latex beads were
used, the 28-kDa protein was found in the sediment, whereas
it was absent from the supernatant. The opposite result was
obtained when nonspecifically coated latex particles were
used for absorption. Moreover, individual fractions after
G-50 and hydroxyapatite chromatography were analyzed by
SDS-PAGE, and the intensity of the 28-kDa band had its
maximum in the same fraction as the hemolytic activity.
From these results we conclude that the 28-kDa protein
represents naturally occurring LPS-binding factor in NMS.

In another part of our work, we investigated some biolog-
ical properties of factor, notably its binding to LPS. We have
reported already on numerous LPSs interacting with NMS
by means of a passive hemolysis inhibition assay (5). We
compared the reactivity of isolated factor to the one of whole
NMS, which was not different with respect to binding
specificity. In quantitative inhibition studies (Fig. 5), isolated
factor and NMS were inhibited by A. calcoaceticus LPS to
the same extent, exhibiting identical sigmoid inhibition
curves and the same 50% inhibition value. However, when
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an IgM-rich fraction of rabbit immune serum against the
common antigen was tested by the passive hemolysis inhi-
bition test, 8 times more antigen was required to cause 50%
inhibition. These results, together with the finding that factor
did not agglutindte antigen-coated SRBC (whereas immune
serum did so), led us to propose that factor has only one
binding site. The region of LPS to which NMS binds has
been proposed to contain 5-O-glycosylated KDO. Here we
have demonstrated that isolated oligosaccharides containing
such structures are specific and effective inhibitors of puri-
fied factor (Fig. 6).

In another set of experiments, we studied the binding of
factor to LPS under in vivo conditions. Mice were injected
with A. calcoaceticus LPS, and the hemolytic activity of
factor was followed kinetically. With 12 pg of LPS, factor
was inhibited completely within the first 15 min and reap-
peared in the serum shortly thereafter, reaching the starting
level after 1 h. Since a de novo synthesis is unlikely in this
very short period of time, factor may be released from a
nonserum pool, or it may form complexes with LPS which
can dissociate in vivo. The very important question of what
happens to such complexes cannot be answered now, and
experiments are under way to contribute to its answer. The
data reported by others concerning the binding of LPS to
high-density lipoprotein (13, 36, 37) are not in contradiction
to our observation, since in some of these studies (13)
nonphysiologically high amounts of LPS (in the milligram
range) were used, whereas binding of factor takes place at a
concentration which is 1 order of magnitude less (microgram
range).

In the literature, several factors have been described that
bind to surface structures of gram-positive and gram-
negative bacteria (1, 10, 30, 33, 34, 38; S. Lebbar, J. M.
Cavaillon, M. Caroff, A. Ledur, H. Brade, R. Sarfati, and N.
Haeffner-Cavaillon, Eur. J. Immunol., in press). Some of
them have been investigated carefully, as are the C-reactive
protein and the so-called acute-phase proteins (11, 28, 29,
35). We paid special attention to the extensive work of
Kawakami et al. describing a naturally occurring bactericidal
factor in mammalian species (19-22). Very recently, these
authors showed that this factor has been conserved for more
than 300 million years during evolution (21). Although there
exist striking similarities of the reported data to ours, e.g.,
the widespread occurrence in animal sera, the inability to be
induced by immunization, the sensitivity to heat and mer-
captoethanol, and finally the presence of a polypeptide chain
with a molecular mass of 28 kDa (20), the factor described
herein is different from that reported by Kawakami and
co-workers. The bactericidal factor has a highly restricted
reactivity which binds to N-acetyl-D-glucosamine in LPSs of
the Ra core type, whereas our factor recognizes the KDO
region present in all LPSs tested so far, except those
belonging to the Re chemotype. Therefore, our factor binds
to LPS of various gram-negative bacteria such as the Entero-
bacteriaceae, Neisseriaceae, Vibrionaceae, Pseudomo-
nadaceae, and Bacteroideaceae (5). For the moment, little is
known about the possible biological relevance of this factor,
but it seems unlikely that factor is acting on the classical
endotoxic activities of LPS, as are the lethal toxicity, the
pyrogenicity, or the Shwartzman phenomenon, since these
activities are equally expressed by LPS and the polysaccha-
ride-deprived lipid moiety (14, 26, 31, 32). In addition, the
LPS of A. calcoaceticus, which binds particularly well to
factor, is of the same endotoxic potency as the enterobacte-
rial LPSs (6).

In this context, we refer to the results reported by
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Haeffner-Cavaillon et al., describing a receptor on macro-
phages which binds to the polysaccharide region of LPS
from Bordetella pertussis (18) and activates macrophages to
the production of interleukin 1 (17). Moreover, they reported
that other LPSs (from Neisseriaceae and Enterobacteriace-
ae) are able to inhibit the binding of B. pertussis polysac-
charide to the macrophage receptor. In addition, they found
that serum components other than complement or immuno-
globulin are required for optimal binding (16). In addition,
the activation of macrophages to secrete interleukin 1 is
mediated by the same structure which is recognized by the
serum factor described herein: the heptosyl-KDO region of
bacterial LPS (Lebbar et al., in press).

Therefore, we speculate that our factor contributes to the
binding of LPS to macrophages by a factor-specific receptor
or that factor itself is a surface structure of macrophages.
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