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Abstract This study is an attempt to reach some understanding
of how insects recognize intruding microorganisms and foreign
entities while executing an immune response. We used lipopoly-
saccharide (LPS) from Escherichia coli, bound to a radiolabeled
iodinated crosslinker, to identify hemolymph proteins from the
Hyalophora cecropia moth that have the capacity to bind LPS.
High amounts of radioactivity were conferred to hemolin, an
immunoglobulin and NCAM-related protein, the concentration
of which increases in insect hemolymph upon bacterial infection.
We could demonstrate a concentration-dependant binding of
hemolin to LPS. In addition we could show that Lipid A can
compete for this binding, whereas KDO has no effect, indicating
that hemolin interacts specifically with the Lipid A moiety of
LPS.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

It is a common notion that insects exhibit a potent anti-
bacterial defence against bacteria that involves the induction
of a number of genes, typically encoding bactericidal and
bacteriostatic proteins and factors regulating these proteins
[1]. However, the recognition events triggering the onset of
this response are basically unknown. Hemolin is so far the
only Ig-superfamily gene that is up-regulated during the im-
mune response and has been an interesting candidate for stud-
ies of different recognition events [2].

Hemolin has been identified and cloned in two moths, Hy-
alophora cecropia and Manduca sexta [2,3]. It is present in low
amounts in the hemolymph of naive insects and after bacterial
infection the concentration increases 18-fold in H. cecropia
pupae and 30-45-fold in M. sexta larvae, indicating a func-
tional requirement during the course of an infection [3,4].
However, hemolin has no direct antibacterial activity [5].
The intriguing fact that hemolin belongs to the Ig-superfamily
and is up-regulated by infection has encouraged many at-
tempts to understand its functions. Sun et al. [2] demonstrated
by in vitro studies that hemolin binds to bacteria on its own
and in complex with a 125 kDa hemolymph protein and is
thus regarded a natural candidate for recognition of foreign
entities. Moreover, Ladendorff et al. [3] found that hemolin
from Manduca sexta larvae attaches to hemocytes and that
this binding is accompanied by inhibition of hemocyte aggre-
gation [3]. Recently, Lanz-Mendoza et al. [6] developed an
assay to study this hemocyte aggregation and showed that
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the aggregation, stimulated by PMA or LPS, is prevented
by hemolin in a dose-dependent fashion.

In this work we first investigate the binding of proteins
from a 0-40% ammonium sulfate fraction of cell-free hemo-
lymph to bacterial LPS. One of the proteins binding was
partially purified and shown to be hemolin. Recombinant he-
molin was used in the further experiments and clearly shown
to bind to LPS in a concentration-dependent manner. The
binding is conferred through the Lipid A moiety of the LPS
molecule, as indicated by competition experiments.

2. Materials and methods

2.1. Insects and hemolymph fraction

Diapausing pupae of the giant silk moth Hyalophora cecropia were
obtained commercially from North American dealers. The pupae were
injected with Enterobacter cloacae B12 [7] and the hemolymph was
collected directly into a polystyrene tube containing few crystals of
phenylthiourea. Hemocytes were removed from the hemolymph by
centrifugation at 200X g for 15 min. Saturated ammonium sulfate
was added to the hemolymph plasma to 40% of saturation and the
solution was kept on ice for 1 h. The supernatant (hemolymph frac-
tion) was recovered by centrifugation at 14000X g for 10 min at 0°C,
desalted over a PD10 column (Pharmacia), and sodium phosphate
buffer (pH 7.4) was added to a final concentration of 21 mM.

2.2. Purification of hemolin

Hemolin was obtained by chromatography using FPLC (Pharma-
cia). Hemolymph was collected in anticoagulant Ringer [8], dialyzed
against 10 mM phosphate buffer (pH 6.5) containing 0.15 M NaCl,
and applied to a gel filtration column (Superose 12) equilibrated with
the same buffer. The fractions containing hemolin were pooled, dia-
lyzed against 10 mM phosphate buffer (pH 6.5) and applied to an ion
exchange column (Mono S), equilibrated with the same buffer. Elu-
tion was performed with a gradient from 0 to 1 M NaCl. The hemolin
was eluted between 0.15 and 0.18 M. The presence of the hemolin was
detected by autoradiography after SDS-PAGE electrophoresis of the
eluted proteins incubated with ['2TJASD-LPS (see below).

2.3. Recombinant hemolin

Recombinant hemolin was produced using the baculovirus expres-
sion system and purified as described (Gunne et al., unpublished
data), using a column C 10/20 packed with CM-Sepharose CL-6B
(Pharmacia).

2.4. Photoactivatable iodinated LPS

Photoactivatable iodinated E. coli 055:B5 LPS (Sigma; (['**I]ASD-
LPS) was prepared as described by Wollenweber et al. [9] with some
modifications. The LPS solution in water (2 mg/ml) was incubated in
a water bath at 37°C for 60 min, with intermittent vortexing, followed
by sonication for 3 min (model MS 200, Thornton). Sulfosuccini-
midyl-2-(p-azidosalicylamido)-1,3’-dithiopropionate (SASD; Pierce
Chemical Co.) was dissolved in dimethyl sulfoxide (DMSO; 100 pg/
ul) and 4 pl was added to 0.5 ml of LPS solution, followed immedi-
ately by borate buffer (500 ul, 0.1 M, pH 8.5). The reaction was
sonicated for 3 min and incubated at room temperature for 20 min.
An additional 4 ml of SASD solution was added and the reaction was
kept for 30 min more. LPS coupled to SASD was dialyzed against
PBS (20 mM phosphate buffer (pH 7.2), containing 0.15 M NaCl)
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overnight at 4°C and stored aliquoted (100 pl) at —20°C. Todination
of LPS-SASD (100 ul) was carried out using iodo-beads (Pierce
Chemical Co.) according to the manufacturer’s instructions. The ra-
dioactivity was counted in a y-spectrometer and the approximate spe-
cific activity of ['IJASD-LPS in PBS obtained was between 2.8 X 10?
and 1.8x10° cpm/mg. All reactions with photosensitive compounds
were carried out under reduced light using a red-light source.

2.5. Detection of LPS-binding protein

For the reactions, hemolymph fraction, partial purified hemolin, or
recombinant hemolin samples were mixed with [2IJASD-LPS, incu-
bated for 30 min at room temperature, then irradiated with long-wave
length UV light (366 nm) for 10 min. After photo-crosslinking, the
samples were reduced with 2.5X SDS-PAGE sample buffer [9] and
applied to SDS-PAGE. SDS-PAGE was performed as described [10].
Gels were stained with 0.12% Coomassie Blue R-250, 50% methanol,
and 10% acetic acid and destained with 30% methanol and 7% acetic
acid. The gels were dried and autoradiographed to detect radio-iodi-
nated LPS-binding proteins. The autoradiographs were carried out
using Kodak X-Omat XK1 film and one Du Pont Cronex Lightning
Plus intensifying screen, at —70°C. The densitometry of the labeled
hemolin in the autoradiographs was done in Flying-spot Densitome-
ter.

2.6. Western blot analysis

The Western blotting was performed as described [11] using anti-
rabbit IgG-alkaline phosphatase conjugate. Proteins applied to SDS-
PAGE were electrophoretically transferred to nitrocellulose mem-
branes and hemolin was detected by the incubation of the membranes
with anti-hemolin rabbit serum at a dilution of 1:5000.

3. Results and discussion

The photoaffinity labeling can be used to determine target
molecules, which can be cross-linked to specific ligands under
physiological conditions in the presence of suitable light. We
have chosen the hetero-bifunctional crosslinker ‘SASD’ [9]
which is reactive only when exposed to ultraviolet or visible
radiation. It can be ®I-iodinated with high specific activity
and has a disulfide bond near to the end to which the molec-
ular probe of interest, in this case LPS, is coupled. By photo-
activation and cleavage by a reducing reagent, the target pro-
tein(s) interacting with the probe end up with the radioactive
label attached. The labeled protein can be easily identified in a
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SDS-PAGE by autoradiography. Wollenweber et al. [9] have
shown that ['*TJASD-LPS selectively binds to bovine serum
albumin from a mixture of biologically relevant macromole-
cules. This method has since been proven useful in the char-
acterization of LPS- and peptidoglycan-binding proteins on
the murine lymphoid cell populations. Several groups have
demonstrated that LPS binds selectively to the S2 subunit of
Pertussis toxin using the same crosslinker [12-15].

To test the binding of LPS to hemolin or other hemolymph
proteins from Hyalophora cecropia, we first tested the 40%
ammonium-sulfate-soluble fraction of the hemolymph for
binding to LPS by the above method. The Coomassie stained
SDS-PAGE and its subsequent autoradiography analysis is
shown in Fig. 1A. The proteins with ?*I-label were observed
in three main bands in the gel, one near the beginning of the
running gel one at 66 kDa and one at 50 kDa. In the absence
of hemolymph (Fig. 1A, lane 3), some photo-cross-linking of
LPS aggregates can be seen. The higher molecular mass band
and the band at 66 kDa were judged to be subunits of the
lipophorin [16]. We could confirm this by purifying lipophorin
by ultracentrifugation in potassium bromide gradient [16] fol-
lowed by incubation with ['I]JASD-LPS (result not shown).
We did not test the specificity of binding of lipophorin to
LPS. It is likely, however, that the LPS binding to apoliphorin
is due to its properties as a lipid carrier [17].

Kato et al. have studied the apolipophorin binding of LPS
in the silkworm Bombyx mori and have shown lipohorin
forms a complex with LPS. They suggested that the complex
formation inactivates LPS, since it also reduces cecropin in-
ducibility by LPS. It is known that a similar serum lipopro-
tein—LPS complex occurs in mammals. Perhaps this complex
is a common pathway for LPS detoxification in both insects
and mammals [18].

The major label by %I was detected, however, in the poly-
peptide of around 50 kDa (Fig. 1A, lane 2) which we sus-
pected to be hemolin. To test this hypothesis, this polypeptide
was partially purified (to ca. 80%) by chromatography, incu-
bated with [2*TJASD-LPS and submitted to Western blot us-
ing an anti-hemolin antiserum (Fig. 1B, lanes 1 and 2). The
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Fig. 1. Incubation of soluble fraction at 40% ammonium sulfate of the hemolymph (A) and enriched hemolin (B) with ['®I]LPS-ASD. The pro-
teins were submitted to SDS-PAGE (10% acrylamide), stained with Coomassie Blue R (lanes 1A and 1B), and autoradiographed (lanes 2A and
2B). The autoradiography of ['**IJLPS-ASD is shown in lane 3A. Western blot of enriched hemolin fraction incubated with ['**IJLPS-ASD us-
ing serum against hemolin (lane 3B). The nitrocellulose filter shown in lane 3B was autoradiographed (lane 4B).
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Fig. 2. Interaction of the recombinant hemolin with [*°I]LPS-ASD
and inhibition of binding by underivatized LPS. ['®I]LPS-ASD (7.7
mg/ml) was added to hemolin (6.7-67 mg/ml} in a final volume of
30 ul, in an absence (filled square) or presence (open square) of
underivatized LPS (187X excess). The samples were submitted to
SDS-PAGE (12% acrylamide) and autoradiography. The densitome-
try of the hemolin band in the autoradiography was determined.

results in Fig. 1B, lane 3, show that hemolin antiserum rec-
ognizes the polypeptide around 50 kDa (Fig. 1, lane 2). The
nitrocellulose filter was autoradiographed after the detection
of hemolin by antiserum and '*I-labeling observed in the
same position as hemolin (lane 4). Through the purification
process, a 26 kDa protein was also enriched, that gave a
strong signal for LPS binding (Fig. 1A,B, lane 2). We decided
to investigate if this polypeptide could be attacin, another H.
cecropia immune protein, of which the molecular mass is esti-
mated at 23 kDa. This idea came from the fact that Carlsson
et al. [19] have indications that attacin, inhibiting the synthesis
of certain outer membrane proteins in Escherichia coli, can
interact with LPS. In addition, our purification schedule is
similar to the one used for purification of attacin [20]. Our
results, however, excludes this possibility since attacin anti-
serum could not recognize the 26 kDa polypeptide that bound
to [***TJASD-LPS.

As the major radioactivity could be conferred to hemolin
(Fig. 1A, lane 2) we decided to study its specificity of binding.
For this purpose we used a recombinant form hemolin, pro-
duced in a Baculovirus system, in different competition experi-
ments. Various amounts of hemolin were mixed with
[*2IJLPS-ASD in the absence or presence of underivatized
LPS in excess. After an incubation and photo-crosslinking
procedure, the final samples were subjected to SDS-PAGE
and analysed after Coomassie staining and/or autoradiogra-
phy. The densitometry (absorbance units) of the labeled he-
molin were plotted against the underivatized LPS added (ug/
pl). The results in Fig. 2 demonstrate that the binding of
['?I]LPS-ASD to hemolin can be inhibited with underivatized
LPS in a dose-dependent manner. However, even at 187X
excess of underivatized LPS, only around 40% inhibition
could be achieved. This could be due to the fact that LPS
easily forms aggregates and it is therefore difficult to get the
expected effect of large amounts. We also demonstrated that
the binding is specific for the LPS molecule rather than the
ASD cross-linking group, since the binding of ['*I]LPS-ASD
to hemolin can be inhibited in a dose-dependent manner with
underivatized LPS as well as purified Lipid A (see below).

In the next series of experiments we used increasing
amounts of ['*T]LPS-ASD in our assays. Fig. 3 shows a con-
centration dependence in the interaction of 25 pg/ul hemolin
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Fig. 3. Dose dependence of the interaction of recombinant hemolin
with ['IJLPS-ASD. Hemolin (25 pg/ml) was added to ['**T]LPS-
ASD (4.3-60.5 pg/ml) in a final volume of 40 pl PBS. After UV
light irradiation and PAGE-SDS, the densitometry of the hemolin
band in the autoradiograph was determined. Each plotted value rep-
resents the mean of three separate experiments and the error bars
indicate 1 SEM.

mixed with various amounts of ['*I]LPS-ASD. The reaction
mixture was incubated and handled as described above. The
densitometry (absorbance units) of the labeled hemolin was
plotted against [*2*TJASD-LPS (ug/ml) The results show that
the binding of ['*IJASD-LPS to hemolin is directly propor-
tional to the amount of the LPS added; therefore, the binding
is concentration dependent. The curve shows a tendency of
saturation. The points fit well to a logarithm curve, consider-
ing statistical parameters. Also, the rate of binding within the
two amounts of LPS is different; in higher amounts of LPS,
the binding rate is lower, which also indicates the tendency of
saturation.

The initial studies on hemolin function pointed to its affin-
ity for bacterial surfaces [2,3]. These studies were extended
and hemolin was found to bind to E. coli mutants that lack
the carbohydrate core of LPS [21]. Recently, Zhao and Ka-
nost [22] showed that the binding of Manduca sexta hemolin
to bacteria is inhibited by competition with unlabeled hemo-
lin, suggesting that this binding is specific.

In the next experiment we decided to investigate which LPS
component interacts with hemolin. Based on the results from
experiments with LPS mutants of E. coli [21], we tested the
ability of unlabeled Lipid A and KDO to compete with LPS
for the binding to hemolin. ['*’I]JLPS-ASD was mixed with
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Fig. 4. Competition of the binding of [***I]LPS-ASD to recombinant
hemolin by two components of the LPS molecule, Lipid A, and
KDO. Hemolin (25 pg/ml) was added to [***I]LPS-ASD (8.6 ug/ml)
containing Lipid A (2.7-270X excess), KDO (2.7-270X excess), or
the probe alone (['®I]LPS-ASD).
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recombinant hemolin and excess Lipid A or KDO. The reac-
tion mixture was incubated and handled as described above.
The results show that purified Lipid A inhibits ['®T]LPS-ASD
from binding to hemolin (=42% of inhibition), suggesting
that the binding of LPS to hemolin is mediated through the
Lipid A moiety of the LPS molecule (Fig. 4). Although we
cannot exclude the possibility that others bacterial-surface-like
components, such as carbohydrates or peptidoglycans, are
important for the binding of hemolin, our results indicate
that hemolin may be a putative LPS recognition molecule
participating in some step of the immune response in the
moth Hyalophora cecropia.
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