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A B S T R A C T

Pathogen recognition and rapid initiation of defense responses are essential for the survival of host

insects. In Manduca sexta, hemolymph proteinase-14 precursor (proHP14) senses non-self presence and

triggers a branched serine proteinase pathway which leads to prophenoloxidase activation and melanin

formation around the invading organisms. To understand functions of individual domains in HP14, we

have produced a series of HP14 domains and truncation mutants and studied their interactions with

microbial polysaccharides and b-1,3-glucan recognition protein-1 (bGRP1)—a biosensor for fungal and

bacterial infection. These include: the low-density lipoprotein receptor class A repeats 1–5 (LDL1–5),

Sushi domain, Wonton domain, and proteinase catalytic domain of HP14, as well as proHP14 missing 1–4

LDL repeats (DLDL1, DLDL12, DLDL1–3 and DLDL1–4). LDL1–5, Sushi, and Wonton domains specifically

recognized Lys-type PG, whereas the latter two also bound bGRP1. Wonton in addition bound to

lipopolysaccharide (LPS), lipoteichoic acid (LTA), and meso-diaminopimelic acid (DAP)-type peptido-

glycan (PG). The four N-terminally truncated proHP14 (DLx) further confirmed specific interactions with

LPS, LTA, DAP-PG, Lys-PG, laminarin, and bGRP1. These binding data suggest a broad specificity of

proHP14 in pattern recognition. Its role in mediating immune responses is anticipated to be influenced

by other plasma factors and surface structures of invading pathogens.
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1. Introduction

Innate immunity is critically important for the survival and well
being of insects in environments abundant in pathogenic micro-
organisms. This defense system is composed of factors that
recognize/immobilize microbes, relay signals outside and inside
immune tissues/cells, kill the invading organisms, and regulate
immune mechanisms [1–4]. Some of the cellular and humoral
mechanisms are mediated by an extracellular serine proteinase
network which generates spätzle, phenoloxidase (PO), and
plasmatocyte spreading peptide via limited proteolysis [5,6].
Among the network components discovered so far, Manduca sexta

hemolymph proteinase-14 (HP14) and its orthologs in other
insects are unique in three ways: (1) they contain 4–5 low-density
lipoprotein receptor class A (LDLA or simply LDL) repeats, a Sushi
domain, a Wonton domain, and a carboxyl-terminal serine
proteinase domain (PD) (Fig. 1), (2) they directly or indirectly
recognize pathogen surface molecules such as bacterial peptido-
glycans (PGs) and fungal b-1,3-glucan, and (3) they autoactivate
and trigger the serine proteinase network [7–10]. Interaction of
recombinant M. sexta proHP14 with Lys-type PG resulted in its
proteolytic processing, and supplementing hemolymph with the
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proHP14 greatly enhanced prophenoloxidase (proPO) activation in
response to M. luteus [7]. ProHP14 purified from hemolymph of M.

sexta larvae injected with bacteria was converted to a two-chain
active form after incubation with b-1,3-glucan and M. sexta bGRP2
[8]. Such autoactivated HP14 greatly elevated PO activity in the
larval plasma. HP14 activates proHP21 to HP21, HP21 converts
proPAP2/3 to PAP2/3, and PAP2/3 generates active PO in the
presence of a high Mr complex of clip-domain serine proteinase
homolog-1 and -2 (SPH1 and SPH2) [11,12].

In order to investigate roles of the amino-terminal putative
regulatory domains in M. sexta HP14, we produced different regions
of the zymogen and studied interactions of the recombinant proteins
with microbial cell wall components. In this paper, we report
binding properties of individual domains or regions in proHP14 and
their associations with M. sexta bGRP1 [13], a protein similar to
bGRP2 which recognizes fungi and bacteria [14]. Implications of the
broad binding spectrum of binding are also discussed.

2. Methods and materials

2.1. Construction of expression plasmids for producing proHP14

domain regions in Escherichia coli

Full-length cDNA for M. sexta HP14 was used as template for
amplification of the four segments with the primer pairs listed in

mailto:haobo.jiang@okstate.edu
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http://dx.doi.org/10.1016/j.dci.2009.11.001


Fig. 1. Domain structure of M. sexta proHP14 (top), its deletion mutants (middle) and

domain regions (bottom). The vertical bars (open and hatched) represent M. sexta

proHP14 and honeybee melittin signal peptides, respectively. The hexahistidine tag

is denoted by a star.
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Table 1. The 25 ml reaction contained 2 ng template, 10 pmol of
each primer, and 2.5 U Advantage cDNA polymerase mix
(Clontech). The thermal cycling conditions were 35 cycles of
94 8C for 30 s; 50 8C for 30 s; 68 8C for 60 s, followed by 3 min of
incubation at 68 8C. Following gel purification, the PCR products
were cloned into pGEM-T (Promega) and the transformants were
examined for correct restriction digestion patterns, insert sizes,
and nucleotide sequences. The cDNA segments, retrieved by
digestion with NcoI and BamHI/SphI, were inserted to the same
sites of plasmid H6pQE60 [15] to generate plasmids LDL1–5/
H6pQE60, Sushi/H6pQE60, Wonton/H6pQE60, and PD/H6pQE60.
The transformants were examined for induced expression of
recombinant proteins at expected sizes by SDS–polyacrylamide gel
electrophoresis (SDS–PAGE) followed by immunoblot analysis
using 1:2000 diluted anti-HP14 serum as the first antibody.

2.2. Prokaryotic expression, purification, antibody raising, and

renaturation of the four domain regions

The domain regions of M. sexta proHP14 were individually
produced using E. coli JM109 harboring the recombinant plasmids
according to Wang et al. [16]. The hexahistidine-tagged proteins
from 500 ml of the cultures were purified on a nickel-nitrilo-
triacetic acid (NTA) agarose column under denaturing condition.
The affinity-purified proteins were resolved by 10% SDS–PAGE, and
the gel slices containing LDL1–5, Sushi, Wonton, and PD (0.4 mg
each) were used as antigens to generate four region-specific rabbit
polyclonal antisera (Cocalico Biologicals Inc.). An aliquot of each
protein was renatured by dialysis against 50 mM Tris–HCl (pH 8.0),
Table 1
Oligonucleotides for generating expression constructs of M. sexta proHP14 mutants.

Construct name Primer name and sequence (50 to 30)

LDL1–5 J494 (forward): CCCCCATGGCAGTGTTGAAAG

J532 (reverse): ATGAAGCTTACTTAACCGGTTG

Sushi J533 (forward): CTGCCATGGATACAAGCGTCCA

J534 (reverse): GATAAGCTTAACGTGTACATTTCG

Wonton J535 (forward): ACCCATGGGTACACGTTTCTGC

J536 (reverse): CAAAAGCTTACTCTGTGCCATTTG

PD J537 (forward): CAGCCATGGTGCTTGGCGGGGA

J538 (reverse): GCAGCATGCAGTAACCTGAATC

DL1 J558 (forward): CGAATTCCTAATTGTCGGATTAGT

J503 (reverse): ACTCTCGAGATACTCGTCGGTCCA

DL12 J559 ( forward): TGAATTCAGCGACAATGTCAGTA

J503 (reverse): ACTCTCGAGATACTCGTCGGTCCA

DL1–3 J560 (forward): TGAATTCACGAGACCGAGGAGAT

J503 (reverse): ACTCTCGAGATACTCGTCGGTCCA

DL1–4 J561 (forward): GGAATTCCCTGCCTGTCCTATTTG

J503 (reverse): ACTCTCGAGATACTCGTCGGTCCA
3 mM reduced glutathione, 1 mM oxidized glutathione, and 0.5 M
arginine for 16 h at 4 8C and then 20 mM Tris–HCl (pH 7.5), 50 mM
NaCl for 8 h at 4 8C, and then centrifuged at 15,000 � g for 10 min
at 4 8C. The supernatants (10 ml) were analyzed by 15% SDS–PAGE
and visualized by Coomassie Blue staining.

2.3. Preparation of expression constructs for producing N-terminally

truncated proHP14 in baculovirus–insect cell system

For PCR amplification of the cDNA fragments, each 50 ml-
reaction contained 5 ng full-length proHP14 cDNA, 20 pmol of
each primer, and 5 U Advantage cDNA polymerase mix (Clontech).
The thermal cycling conditions were 35 cycles of 94 8C for 20 s;
50 8C for 30 s; 68 8C for 90 s, followed by 10 min of incubation at
68 8C. The gel-purified PCR products were cloned into pGEM-T and
plasmids from the resulting transformants were sequenced
entirely to ensure error-free inserts. The cDNA segments, retrieved
by digestion with EcoRI and XhoI, were inserted to the same sites of
plasmid pMFH6 [17] to generate plasmids DL1/pMFH6, DL12/
pMFH6, DL1–3/pMFH6, and DL1–4/pMFH6. The modified Bac-to-Bac
vector allowed the recombinant proteins to be synthesized under
the control of polyhedrin promoter, secreted into the medium
using the honeybee mellitin signal peptide, and purified on a Ni-
NTA column via the carboxyl-terminal hexahistidine tag.

2.4. Baculovirus generation, insect cell infection, and protein isolation

In vivo transposition of the expression cassette in DLx/pMFH6,
selection of bacterial colonies carrying recombinant bacmids, and
isolation of bacmid DNA were performed according to the
manufacturer’s protocols (Invitrogen Life Technologies). The initial
viral stocks were separately obtained by transfecting Spodoptera

frugiperda Sf21 cells with a bacmid DNA–CellFECTIN mixture, and
their titers were improved through serial infections [18]. The V5

viral stocks, containing the highest levels of baculoviruses (1–
2 � 108), were stored at �70 8C for further experiments. Sf21 cells
(at 2.4 � 106 cells/ml) in 1.0 L of Sf-900TM III serum-free medium
(Invitrogen Life Technologies) were separately infected with the
baculovirus stocks at a multiplicity of infection of 10 and grown at
27 8C for 84 h with gentle agitation (100 rpm). After the cells were
removed by centrifugation at 5000 � g for 10 min, a 50 ml-aliquot
of the supernatant was diluted with an equal volume of 1 mM
benzamidine and gently mixed with 6.0 ml dextran sulfate (DS)–
Sepharose CL-6B beads equilibrated in buffer A (0.01% Tween-20,
1 mM benzamidine, 10 mM potassium phosphate, pH 6.4) on ice
for 1 h. The suspension was loaded into a column, washed with
30 ml buffer A, and eluted with a linear gradient of 0–1 M NaCl in
Vector/host cells Product size (bp)

H6pQE60/E. coli 729

H6pQE60/E. coli 243

H6pQE60/E. coli 272

H6pQE60/E. coli 835

C pMFH6/Sf21 1773

C pMFH6/Sf21 1653

C pMFH6/Sf21 1530

pMFH6/Sf21 1398
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buffer A at 1.0 ml/min for 30 min. Following SDS–PAGE and
immunoblot analysis, fractions containing the recombinant
proteins were pooled, supplemented with 2 mM MgCl2, and
loaded to a 5-ml concanavalin A–Sepharose (GE Healthcare Life
Sciences) column. The column was washed with 30 ml buffer B
(0.01% Tween-20, 0.5 M NaCl, 20 mM Tris–HCl, pH 7.5) and eluted
with 30 ml 0.4 M methyl-a-D-mannopyranoside in buffer B. The
recombinant protein fractions were combined and loaded onto a 1-
ml Ni2+–NTA agarose column equilibrated with 10 mM imidazole
in buffer C (1 mM benzamidine, 0.3 M NaCl, 50 mM sodium
phosphate, pH 8.0). Bound proteins were eluted with a linear
gradient of 10–250 mM imidazole in buffer C at 0.5 ml/min for
40 min. Fractions containing the mutant proteins were stored at
�80 8C prior to binding assays.

2.5. Enzyme-linked immunosorbent assay (ELISA)-based binding

assays

Laminarin from Laminaria digitata (Sigma L9634), lipopolysac-
charide from E. coli O127: B8 (Sigma L3129), lipoteichoic acid from
Bacillus subtilis (Sigma L3265), DAP-type PG from E. coli (Invivo-
Gen), or Lys-type PG from Staphylococcus aureus (InvivoGen) were
individually dissolved in H2O at 40 mg/ml. These samples (2.0 mg)
were applied to a 96-well microplate and air dried overnight at
room temperature. The plate was incubated at 60 8C for 30 min to
fix the ligands, and the wells were blocked with 200 ml of 1 mg/ml
bovine serum albumin (BSA) in TBS (137 mM NaCl, 3 mM KCl,
25 mM Tris–HCl, pH 7.6) at 37 8C for 2 h. After a washing step
(200 ml TBS, 3 min each time for 4 times), each recombinant
protein (100 ng in 50 ml TBS containing 0.1 mg/ml BSA) was added
to the wells and incubated for 3 h at room temperature. A
competition binding assay was performed to test whether the
binding was a result of specific interaction between the protein and
ligand: the protein (100 ng) was first incubated with the ligand
(20 mg) in solution for 30 min at room temperature, TBS containing
0.1 mg/ml BSA was then added to a final volume of 50 ml, and the
mixture was then incubated for 3 h at room temperature in a well
coated with the same ligand. After washing, 100 ml of 1:1000
diluted proHP14 antiserum in TBS containing 0.1 mg/ml BSA was
incubated with the bound antigen for 2 h at 37 8C. Following a
washing step, 100 ml of 1:1500 diluted goat-anti-rabbit IgG
conjugated to alkaline phosphatase (Bio-Rad) in TBS containing
0.1 mg/ml BSA was added and incubated for 2 h at 37 8C. Then the
wells were rinsed four times with TBS and once with 0.5 mM
MgCl2, 10 mM diethanolamine. Aliquots of 50 ml of p-nitrophenyl
phosphate (1.0 mg/ml in the diethanolamine buffer) were added to
the wells and absorbance at 405 nm was monitored in the kinetic
mode using a microplate reader (Molecular Devices).

2.6. SDS–PAGE analysis of the mutant proteins binding to curdlan

Five microliters of LDL1–5, Sushi, Wonton, DL1, DL12, DL1–3, or
DL1–4 was mixed with 15 ml, 20 mM Tris–HCl, pH 8.0, 500 mM
NaCl, 1 mM benzamidine and 50 ml curdlan pellet (500 mg) on ice
for 1 h. After brief centrifugation, the original protein, supernatant,
and pellet were subjected to sample buffer treatment, SDS–PAGE,
and immunoblot analysis using specific antibodies.

2.7. Purification of M. sexta bGRP1 from plasma of naı̈ve larvae

A frozen hemolymph sample (40 ml) was fractionated with 15–
38% saturation of ammonium sulfate, and the fraction was dialyzed
against HT buffer (pH 6.8, 10 mM potassium phosphate, 0.5 M
NaCl) supplemented with 0.001% 1-phenyl-2-thiourea and 1 mM
benzamidine (2.0 L for 8 h, twice). After centrifugation at
15,000 � g for 30 min, the cleared supernatant was applied to a
hydroxylapatite column (2.5 cm i.d. � 7 cm, Bio-Rad) equilibrated
in HT buffer. Following a washing step with 100 ml HT buffer,
bound proteins were eluted at 0.4 ml/min for 6.25 h with a linear
gradient of 10–150 mM potassium phosphate (pH 6.8), 0.5 M NaCl.
Guided by immunoblot analysis using its antibodies (Ma and
Kanost, 2000), bGRP1 fractions were pooled, concentrated, and
resolved on a Sephacryl S100-HR column equilibrated with 20 mM
Tris–HCl, 0.5 M NaCl, pH 7.6. The active fractions from the gel
filtration column were combined, supplemented with 1 mM CaCl2

and MgCl2, and loaded onto a concanavalin A–Sepharose column
(5.0 ml). The flow-through and washing fractions were combined,
diluted with eight volumes of S buffer (50 mM sodium acetate, pH
4.8), and then loaded onto an UNOTM S6 column using a BioLogic
DuoFlow System (Bio-Rad). Following washing, bound proteins
were eluted with a linear gradient of 0–500 mM NaCl in S buffer at
1 min/min for 1 h. The purified bGRP1 was stored at�80 8C before
use.

2.8. Autoactivation of M. sexta proHP14 triggered by insoluble b-1,3-

glucan and bGRP1

Purified bGRP1 (20 ng, 1 ml), curdlan (10 mg, 1 ml), proHP14
from plasma (200 ng, 10 ml) [8], CaCl2 (100 mM, 1 ml), and 20 mM
Tris–HCl, pH 8.0, 20 mM NaCl (1 ml) were incubated at 37 8C for
1 h. To test the contribution of curdlan and bGRP1 in proHP14
autoactivation, one or two of them were replaced by the same
volumes of the buffer. The reaction mixtures were separated by
10% SDS–PAGE under reducing condition and visualized by silver
staining to assess cleavage.

2.9. Association of M. sexta bGRP1 with microbial surface molecules

or purified HP14 mutants

An ELISA-based binding assay was performed to study the
association of bGRP1 with the immobilized cell wall components.
The first antibody was 1:1000 diluted bGRP1 antiserum. To
examine its association with the HP14 protein constructs,
renatured recombinant bGRP1 [13] (2.0 ng/well) was immobilized
on a 96-well plate to interact with LDL1–5, Sushi or Wonton
(12.5 pmol each), DL1, DL12, DL1–3 or DL1–4 (100 ng each). Other
conditions were the same as described in Section 2.5.

3. Results

3.1. Expression, purification, and binding properties of the domain

regions in M. sexta HP14

We constructed four plasmids to produce recombinant LDL1–5,
Sushi domain, Wonton domain, and proteinase domain (PD) in E.

coli (Fig. 1). All the domain regions were insoluble and, therefore,
purified under the denaturing condition. From 1 L of the cultures,
we obtained 1.3 mg LDL1–5, 3.8 mg Sushi, 6.6 mg Wonton, and
3.6 mg PD, part of which was used as antigen to generate region-
specific antibodies. The rest of the proteins were subjected to
renaturation. During dialysis, PD completely precipitated while the
other three remained soluble (Fig. 2A). As judged from the stained
gel, LDL1–5, Sushi, and Wonton were essentially pure and they
migrated to positions consistent with their expected molecular
masses.

LDL1–5 specifically associated with lipoteichoic acid (LTA) and
Lys-type PG. Binding to the Lys-type PG was tenfold more than
binding to LTA (Fig. 3). Sushi domain also bound the Lys-type PG
isolated from S. aureus. Wonton domain specifically associated
with Lys- and DAP-type PGs, and the amount of binding was higher
than that with lipopolysaccharide (LPS) or LTA.



Fig. 2. SDS–polyacrylamide gel electrophoretic analysis of purified domain regions

(A) and deletion mutants (B) of M. sexta proHP14. M, molecular weight markers

with their positions and sizes indicated. Note that proteinase domain (PD) did not

show up on the gel since it was completely insoluble after denaturation and

renaturation.
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3.2. Isolation and characterization of the truncation mutants of M.

sexta proHP14

To investigate the contribution of individual LDLA repeats in
binding to Lys-type PG and LTA, we generated four recombinant
baculoviruses that produced mutants with the first 1, 2, 3, and 4
LDL repeats removed from the intact proHP14 (Fig. 1). These N-
terminally truncated proteins also serve as standards to verify
some of the results obtained using the renatured domain regions.
The deletion mutants were secreted into the culture media in a
soluble form, which were enriched by cationic exchange chroma-
tography and purified by nickel affinity chromatography. From
50 ml of the media, 130 mg DL1, 50 mg DL12, 200 mg DL1–3, and
60 mg DL1–4 were obtained. The purified proteins ran as single
bands to their anticipated positions (Fig. 2B).

DL1 specifically associated with laminarin, LPS, LTA, and DAP-
PG (Fig. 4A). Its binding to Lys-type PG was not statistically
significant (p = 0.147). Removing the second LDLA repeat led to an
increase in binding for all ligands except for the DAP-type PG from
E. coli (Fig. 4B). The association with Lys-type PG became specific.
The binding of DL1–3 to all ligands decreased except for DAP-PG
(Fig. 4C). The association of Lys-type PG with DL1–3 or DL1–4 was
nonspecific, and there was no major difference between DL1–3 and
Fig. 3. Binding of LDL1–5 (A), Sushi (B), and Wonton (C) to soluble microbial cell wall com

with buffer (control, white bar) or a ligand (competition, black bar) and then added to we

specific first antibodies and enzyme-linked secondary antibodies. The alkaline phosph

significance between control and competition groups was analyzed by two-sample unpaired

with a large excess of the ligands.
DL1–4 in binding amount or specificity with the other ligands
(Fig. 4D).

Therefore, LDL1–5 and Wonton appeared to be responsible for
specific interaction between LTA and proHP14 (Fig. 3A and B), and
the binding was modulated by the number of LDLA repeats (Fig. 4).
Wonton domain specifically bound to LPS (Fig. 3B), and maximum
binding occurred when the first two LDLA repeats were removed
from the amino-terminus (Fig. 4). Specific association between
Sushi domain and laminarin (Fig. 3C) became greater when LDLA
repeats, Wonton, and PD were present in the same protein. Again,
the binding was at highest level with DL12 (Fig. 4B). The specific
association between Wonton domain and DAP-type PG remained
unchanged, but its level was modulated by the LDLA region
(Figs. 3B and 4). In contrast, the specific binding of Lys-type PG to
LDL1–5, Sushi, or Wonton (Fig. 3) did not increase the specific
association with the deletion mutants: DL12 was the only one that
exhibited binding specificity (Fig. 4B).

3.3. Association of HP14 domains and truncation mutants with

curdlan and bGRP1

While the ELISA-based binding assays provided quantitative
data on how different domain regions or deletion mutants
associate with immobilized ligands, we further tested direct
binding of these proteins to curdlan, an insoluble b-1,3-glucan
recognized by b-1,3-glucan recognition protein-2 (bGRP2) and if
they caused proHP14 autoactivation [8]. We detected that LDL1–5,
Sushi, or Wonton associated with curdlan to different extents, but
the binding was not as complete as with the N-terminally
truncated proteins (Fig. 5), suggesting that a combination of
individual domain regions enhanced the total binding. The
enhanced bindings were, however, weak, as washing the curdlan
pellet with buffer led to a complete loss of signal in the bound
fractions (data not shown).

We then investigated the association among proHP14, curdlan,
and b-1,3-glucan recognition protein-1 (bGRP1). After bGRP1 had
been incubated with proHP14 isolated from induced plasma, there
was no change in electrophoretic mobility of the proenzyme
(Fig. 6). Also, no mobility change was detected after curdlan alone
was mixed with the purified proHP14. However, when all three
components were present at the same time, 75 kDa proHP14 was
processed into 45 kDa regulatory domain and 30 kDa catalytic
domain. The same phenomenon was observed after mixing
proHP14, bGRP2 and curdlan [8], indicating that binding of the
fungal cell wall component by its recognition protein bGRP2 (or
bGRP1 in this case) and their interaction with proHP14 led to the
autoactivation of proHP14. ELISA-based binding assay demon-
ponents. As described in Section 2, each purified domain region was pre-incubated

lls that contain the immobilized ligand. The associated protein was incubated with

atase activities were measured and plotted as mean � SEM (n = 3). The statistical

t-test. *Total binding is significantly (p < 0.05) larger than binding after preincubation



Fig. 4. Binding of DL1 (A), DL12 (B), DL1–3 (C), and DL1–4 (D) to soluble microbial cell wall components. See Fig. 3 legend.

Fig. 5. Binding of the purified domain regions and deletion mutants of M. sexta proHP14 to insoluble b-1,3-glucan. Five microliters of LDL1–5, Sushi, or Wonton (500 ng each)

(top panels), DL1, DL12, DL1–3, or DL1–4 (200 ng each) (bottom panel) was mixed with 15 ml, 20 mM Tris–HCl, pH 8.0, 500 mM NaCl, 1 mM benzamidine and 50 ml curdlan

pellet (500 mg) on ice for 1 h. After brief centrifugation, the original protein (5 ml with 15 ml H2O and 5 ml, 5� SDS sample buffer), supernatant (20 ml with 5 ml, 5� SDS

sample buffer), and pellet (with 20 ml, 2� SDS sample buffer) were subjected to heat treatment, 10% SDS–PAGE, and immunoblot analysis using specific antibodies.

Immunoblot analysis using HP14 first antibody and goat-anti-rabbit IgG conjugated to alkaline phosphatase. 7.5% SDS–PAGE. Lane 1, total protein before binding; lane 2,

unbound protein in the supernatant; lane 3, bound protein directly eluted from curdlan.
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strated that bGRP1 specifically recognized laminarin but not other
microbial polysaccharides tested (Fig. 7A). bGRP1 also bound to
Sushi or Wonton domain (Fig. 7B). Although the association
between LDL1–5 and bGRP1 was low and nonspecific, the co-
presence of PD and at least LDL45 significantly increased the
binding.
4. Discussion

Innate immunity is vital for multicellular organisms to fend off
invading pathogens. In order to distinguish self from non-self, this
system employs a limited number of proteins to recognize surface
features present in a multitude of microbes but not in host tissues



Fig. 6. Autoactivation of M. sexta proHP14 in the presence of curdlan and bGRP1.

The purified proHP14 was incubated with curdlan and bGRP1 at 37 8C for 1 h. After

being treated with SDS sample buffer containing dithiothreitol, the reaction

mixture and controls were subjected to 10% SDS–PAGE and silver staining. Sizes and

positions of the molecular weight markers are indicated on the left. (a) 75 kDa

proHP14; (b) bGRP1; (c) 45 kDa HP14 heavy chain; (d) 30 kDa HP14 light chain.

Table 2
Summary of the associations between M. sexta proHP14 mutants and microbial cell

wall componentsa.

LDL1–5 Sushi Wonton DL1 DL12 DL1–3 DL1–4

Laminarin � +/lb � + +/hb + +

lipopolysaccharide � �/l + + +/h + +

lipoteichoic acid + �/l + + +/h +/h +

DAP-type peptidoglycan �/l �/l +/h + +/l + +/l

Lys-type peptidoglycan +/h +/h +/h � +/h � �
a (+) specific binding; (�) no significant difference in the competition binding

assay.
b Low (l) and high (h) degree of association (<5.0 and>20.0 mOD/min for binding

without a competitor, respectively).
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or cells. By binding to common structures of bacteria or fungi, the
so-called ‘‘pattern recognition receptors’’ form clusters on the
foreign surfaces to recruit signaling molecules and downstream
effectors that immobilize and kill pathogens [4,5,19]. In this study,
we have examined the binding properties of LDL1–5, Sushi, and
Wonton domains in M. sexta HP14 and their interaction with
bGRP1.

The renatured LDL1–5, Sushi, and Wonton domains expressed in
E. coli were soluble (Fig. 1), indicating that the proteins are folded.
Since the three-dimensional structure of M. sexta HP14 is
unknown, we are not able to confirm whether the recombinant
proteins adopt the same folds as their counterparts in the natural
proteins. Nevertheless, their specific binding to PGs, laminarin,
curdlan, and bGRP1 (Figs. 3, 5 and 7) suggests correct folding
because, otherwise, the renatured proteins are not expected to
have similar binding properties manifested by proHP14 [7,8].

As summarized in Table 2, the binding patterns for different
ligands and mutant proteins are complex. Specific binding of
laminarin, LPS, or LTA to the truncated proHP14s occurred. Sushi
Fig. 7. Specific recognition of laminarin by bGRP1 (A) and binding of bGRP1 to dom
domain might contribute specificity to the laminarin binding,
whereas Wonton domain seems to be responsible for the specific
interaction with LPS and (in part) LTA. The specificity for the
binding of Wonton domain and DAP-type PG did not change but
the degree of binding was greatly influenced by the LDL repeats
(Figs. 3C and 4). The most intriguing result came from the assays
using Lys-type PG: although LDL1–5, Sushi and Wonton each
specifically bound to the ligand (Fig. 3), the binding specificity was
lost in all of the deletion mutants except for DL12 (Fig. 4). Perhaps,
interactions among the specific binding sites in Sushi, Wonton, and
LDLA repeats led to lower and less specific association of the
truncated proHP14 with Lys-type PG. Since such interactions did
not seem to negatively impact the specific association of Sushi or
Wonton with the other ligands (Table 2), we suggest that Lys-type
PG itself contributed to the reduction in binding and specificity.
The structural differences between DAP- and Lys-type PGs are
critical for understanding the binding property changes.

Some of the binding data must be cautiously evaluated. For
instance, we could not explain why association became signifi-
cantly higher after of DL1–3 had been pre-incubated with an excess
amount of Lys-type PG (Fig. 4C). While the increase was
statistically insignificant in the case of DL1–4 and Lys-type PG
(Fig. 4D), neither do we understand the significant increase in
binding of bGRP1 to LTA after blocking with excess the ligand
(Fig. 7A). Additionally, although renatured LDL1–5, Sushi, and
Wonton from E. coli were soluble, they may or may not adopt the
same fold as those in the native proteins from the insect cells.
Further binding analysis using the domain regions from the
baculovirus expression system could be useful for verifying the
data presented herein (Fig. 3).

Wonton domain appears to be critical for specific binding to
bacterial cell wall components (Table 2). BLASTP search of
ain regions or truncation mutants (B) of M. sexta proHP14. See Fig. 3 legend.



Fig. 8. Sequence alignment of the Sushi and Wonton domains in M. sexta HP14. The sequences are manually aligned to show identical (*) and similar (+) residues. Cys residues

are in bold, and the ones conserved in Sushi domains form two disulfide bonds (Cys-1 and Cys-3; Cys-2 and Cys-4) [22].
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GenBank indicates it is most similar in sequence to Lonomia oblique

serine proteinase-1 (60% identity; 73% similarity, and 2 gaps). Like
M. sexta HP14, the L. oblique enzyme contains a Sushi domain
before its Wonton domain. The Sushi domains are 37% identical
and 48% similar, significantly less conserved than the Wonton
domains. The binding of HP14 Wonton domain to LPS, LTA, and two
types of PGs may demand a higher degree of structural
conservation. Interestingly, Wonton and Sushi domains seem to
be evolutionarily related—in M. sexta HP14, their sequences are
17.6% identical and 35.2% similar (Fig. 8). As a matter of fact, the
Lonomia protein is predicted to contain two Sushi domains, the
second of which contains two extra Cys residues located in the
same positions of the HP14 Wonton domain (data not shown).
Although the LDLA repeats modulate the degree and specificity of
proHP14’s binding to the microbial surface molecules, their role
seems to be less important than the Wonton domain. L. oblique

serine proteinase-1 has only one LDLA repeat between the signal
peptide and (first) Sushi domain, suggesting that the LDLA is
partially dispensable.

As demonstrated previously [8] and in this study (Fig. 6),
specific binding of proHP14 to the microbial polysaccharides by
itself was insufficient for its autoactivation. Additional protein
such as bGRP1 or bGRP2 is also required. Both bGRPs specifically
recognized soluble or insoluble b-1,3-glucan (Fig. 7A; Wang and
Jiang, unpublished data), which enhanced the binding specificity
of LDL1–5, Sushi, and Wonton (Fig. 3). The added specificity,
passed onto proHP14 through specific protein–protein interac-
tions (Fig. 7B), ensures that initiation of the M. sexta proPO
activation system occurs only at the site of infection. In the beetle
Tenebrio molitor, autoactivation of the proHP14 ortholog is
triggered by PGRP-SA and GNBP1 that recognize Lys-type PG
[20].

Binding site analysis of the horseshoe crab coagulation factor G
demonstrated that b-1,3-glucan recognition was mediated by the
two xylanase Z-like domains in the a subunit [21]. Factor G and
HP14 dramatically differ in their quaternary structure and domain
constitution, but the presence of two Sushi-like domains in HP14
is reminiscent of the tandem repeats in factor G. Increase in
binding specificity and avidity through multiple domains or via
interaction with other pattern recognition receptors (e.g. bGRPs)
may be an important factor for triggering localized innate immune
responses.
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