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Serine proteinases in insect plasma have been implicated in
two types of immune responses; that is, activation of proph-
enoloxidase (proPO) and activation of cytokine-like proteins.
We have identified more than 20 serine proteinases in hemo-
lymph of the tobacco hornworm, Manduca sexta, but functions
are known for only a few of them. We report here functions of
two additional M. sexta proteinases, hemolymph proteinases 6
and 8 (HP6 and HP8). HP6 and HP8 are each composed of an
amino-terminal clip domain and a carboxyl-terminal proteinase
domain. HP6 is an apparent ortholog of Drosophila Persephone,
whereas HP8 is most similar to Drosophila and Tenebrio
spdtzle-activating enzymes, all of which activate the Toll path-
way. proHP6 and proHP8 are expressed constitutively in fat
body and hemocytes and secreted into plasma, where they are
activated by proteolytic cleavage in response to infection. To
investigate activation and biological activity of HP6 and HP8, we
purified recombinant proHP8, proHP6, and mutants of proHP6
in which the catalytic serine was replaced with alanine, and/or
the activation site was changed to permit activation by bovine
factor Xa. HP6 was found to activate proPO-activating protein-
ase (proPAP1) in vitro and induce proPO activation in plasma.
HP6 was also determined to activate proHP8. Active HP6 or
HP8 injected into larvae induced expression of antimicrobial
peptides and proteins, including attacin, cecropin, gloverin,
moricin, and lysozyme. Our results suggest that proHP6
becomes activated in response to microbial infection and partic-
ipates in two immune pathways; activation of PAP1, which leads
to proPO activation and melanin synthesis, and activation of
HP8, which stimulates a Toll-like pathway.

Innate immune systems of mammals and arthropods include
extracellular serine proteinase cascade pathways, which rapidly
amplify responses to infection and stimulate killing of patho-
gens. These proteinase-driven processes include the comple-
ment system of vertebrates (1, 2) and pathways in arthropods
involving proteinases containing amino-terminal clip domains
(3). Clip domain proteinases function in blood coagulation (4,
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5), activation of prophenoloxidase (proPO) that leads to mela-
nin synthesis (6-9), and stimulation of the Toll pathway to
promote synthesis of antimicrobial peptides/proteins (AMPs)>
secreted into the hemolymph (10, 11).

The serine proteinase systems best characterized in arthro-
pods are the horseshoe crab hemolymph coagulation pathway
and the cascade leading to activation of the Toll pathway in
dorsal-ventral development in Drosophila (12—14). Recent
research also has led to better characterization of the proPO
activation pathway in Manduca sexta (7, 15, 16) and the Toll-
signaling pathway in the Drosophila immune response (17, 18)
and to both the proPO and Toll pathways in the beetle Tenebrio
molitor (11, 19).

In the proPO activation pathway, soluble pattern recognition
proteins initially recognize pathogen-associated molecular pat-
terns such as bacterial peptidoglycan or fungal -1,3-glucan
(20-22). This interaction stimulates the sequential activation
of a series of serine proteinases in hemolymph, leading to the
activation of proPO-activating proteinase (PAP), also known as
proPO activating enzyme (7, 23). Activated PAP converts inac-
tive proPO to PO. PO catalyzes the hydroxylation of monophe-
nols to o-diphenols and the oxidation of o-diphenols to quino-
nes that are involved in microbial killing, melanin synthesis,
sequestration of parasites or pathogens, and wound healing (24,
25). Other proteins required for proPO activation are clip-do-
main serine proteinase homologs (SPHs), whose catalytic ser-
ine is replaced with glycine and, therefore, lack proteolytic
activity (26, 27). Serine proteinase inhibitors, including mem-
bers of the serpin superfamily, regulate the activation of proPO
by inhibiting the activating proteinases (28, 29).

Drosophila clip-domain serine proteinases Persephone,
Grass, Spirit, and spétzle-processing enzyme (SPE) participate
in the activation of Toll pathway, stimulating synthesis of anti-
microbial peptides as an innate immune response (18, 30-32).
Although genetic evidence indicates that Persephone and Spirit
are upstream of SPE in the cascade, the substrate(s) of Perse-
phone and Spirit have not been identified, and which proteinase
directly activates SPE is unknown. Neither is it clear whether
these enzymes may be related to the melanization pathway,
which involves clip-domain proteinases MP2 and MP1 (33).

2The abbreviations used are: AMP, antimicrobial peptide/protein; PO and
proPO, phenoloxidase and its precursor, respectively; HP6, hemolymph
proteinase 6; PAP, proPO activating proteinase; SPH, serine proteinase
homolog; RT, reverse transcriptase; contig, group of overlapping clones;
SPE, spatzle-processing enzyme; MALDI-TOF, matrix-assisted laser desorp-
tion ionization time-of-flight; MS, mass spectrometry.
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Here we report the functional characterization of M. sexta
HP6 and HP8, probable orthologs of Drosophila Persephone
and SPE, respectively. We developed methods to activate puri-
fied recombinant proHP6 and proHP8 and discovered that HP6
participates in proPO activation by activating proPAP1 and
that both HP6 and HP8 function in a pathway that stimulates
the synthesis of AMPs in M. sexta.

EXPERIMENTAL PROCEDURES

Insect Rearing—M. sexta eggs were originally purchased
from Carolina Biological Supplies. The larvae were reared on an
artificial diet (34).

Sequence Analysis—Sequence comparisons and phyloge-
netic analyses were performed using MEGA Version 4 software
(35). Sequences were aligned using the ClustalW program in
MEGA (see supplemental Fig. S1 for the alignment). Trees were
constructed by the neighbor-joining method, with statistical
analysis by the bootstrap method using 1000 repetitions. The
sequences (with GenBank™ accession number) used for the
analyses were: M. sexta HP6 (AAV91004), HP8 (AAV91006),
HP21 (AAV91019), PAP1 (AAX18636), PAP2 (AAL76085),
PAP3 (AAO74570); Bombyx mori BAEEase (ABB58762),
proPO-activating enzyme (NP_001036832); Drosophila mela-
nogaster Easter (NP_524362), Grass (NP_733197), Persephone
(NP_573297), SPE (NP_651168), Spirit (NP_727276), Snake
(NP_524338); Holotrichia diomphalia PPAF1 (BAA34642);
Limulus polyphemus proclotting enzyme (AAA30094); T. moli-
tor SPE-activating enzyme (AB363979), SPE (AB363980).

Reverse Transcriptase (RT)-PCR—Fifth-instar-day 2 larvae
were injected with 50 ul of sterile water containing formalin-
killed Escherichia coli XL1-Blue (Stratagene, 1 X 107 cells/ml),
dried Micrococcus luteus ATCC 4698 (Sigma, 10 ug/ul), or
curdlan from Alcaligenes faecalis (Sigma, 10 ug/ul) or with
water alone as a control (# = 3 larvae for each treatment). After
24 h, total RNA samples were prepared using TRizol Reagent
(Invitrogen) from fat body and hemocytes. First-strand cDNA
was synthesized from an oligo(dT) primer following the
instructions for BD Sprint™ PowerSript™ PrePrimed Single
Shots kit (Clontech). M. sexta ribosomal protein S3 (rpS3)
cDNA was used as an internal standard to adjust the template
amounts in a preliminary PCR experiment. The primers for
amplifying HP6, HP8, and rpS3 were: HP6-RTf (5'-TGGTTT-
CTGATTGTCCAGCAG-3') and HP6-RTr (5'-CCGCATTT-
GTCACTTGGAAC-3'), HP8-RTf (5'-CTTCTGCCCAACA-
GGCGTG-3') and HP8-RTr (5'-CGCAAGTCCTCAGTTG-
TCG-3’), and rpS3f (5'-GCCGTTCTTGCCCTGTT-3') and
rpS3r  (5'-CGCGAGTTGACTTCGGT-3'). The thermal
cycling conditions were 25 cycles of 94 °C for 30 s, 55 °C for 30,
and 72 °C for 45 s followed by incubation at 72 °C for 5 min. The
PCR products were separated by electrophoresis on a 1.0% aga-
rose gel.

Immunoblot Analysis—Cell-free hemolymph samples were
collected as described previously (36), and these plasma sam-
ples or purified proteins were separated by 10% SDS-PAGE
(37). Immunoblot analysis was performed using rabbit poly-
clonal antiserum against HP6 or HP8 as the primary antibody
(diluted 1:2000) and goat anti-rabbit IgG-alkaline phosphatase
conjugate (Bio-Rad, diluted 1:3000) as the secondary antibody.
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Production of Recombinant proHP6, proHPS, and proHP6
Mutants—The entire proHP6 or proHP8 coding region,
including the signal peptide, was amplified by PCR using spe-
cific primers (proHP6f, 5'-ACGGTACCATGTGGTTAATG-
GTGA-3', nucleotides 253-268, the Kpnl site is underlined;
proHP6r, 5'-CCGGAATTCTTAATTAGGCCAAACA-3, re-
verse complement of nucleotides 1311-1326, EcoRI site is
underlined; proHP8f, 5'-GCGGTACCATGAATACTATAC-
GTG-3’, nucleotides 64-79, the Kpnl site is underlined;
proHP8r, 5'-CCGATATCCTAAGGTCGTAACTTTG-3/, re-
verse complement of nucleotides 1163—-1179, the EcoRYV site is
underlined). The KpnI-EcoRI fragment for proHP6 or Kpnl-
EcoRYV fragment for proHP8 were recovered and inserted into
the same restriction sites in the vector pMT/V5-His A (Invitro-
gen). The resulting proHP6 plasmid, after sequence confirma-
tion, was used as the template to produce mutant plasmids
according to the instructions of QuikChange multisite-directed
mutagenesis kit (Stratagene). A mutation was introduced to
change the codon for active site Ser*®” (TCT) to Ala (GCG) by
using the mutagenic oligonucleotide primer (5'-CACGTGTC-
AGGGCGACGCGGGCGGGCCTCTTCAGC-3'). This con-
struct, producing an inactive proteinase, was named proHP6,.
A mutant at the predicted activation site of proHP6 changed
residues 89-92 from LDLH to IEGR by using the mutagenic
oligonucleotide primer (5'-CGATACCGCCGATAGAAGGG-
CGGATACTCGGCGGTG-3'). IEGR is a cleavage site for
bovine factor Xa. This construct was named proHP6,,. The
proHP6,, plasmid was used as template to produce the double
mutant proHP6, ;, with both the active site Ser — Ala muta-
tion and the factor Xa activation site. After DNA sequence ver-
ification the plasmids were used to transfect Drosophila S2 cells
to generate stably transformed cell lines for producing recom-
binant proteins, following the manufacturer’s instructions
(Invitrogen).

Purification of Recombinant Proteins—The cell cultures were
harvested 48 h after induction of expression with CuSO, at a
final concentration of 500 uMm, and cells were removed by cen-
trifugation at 5000 X g for 15 min at 4 °C. The cell-free medium
(400 ml) was mixed with concanavalin A-Sepharose 4B resin
(20 ml) that had been equilibrated with buffer 1 (20 mm Tris-
HC], 0.5 m NaCl, 1 mm CaCl,, 1 mm MgCl,, 1 mm MnCl,, pH
7.5). After rotating overnight at 4 °C, the mixture was packed
into a column (2.0-cm inner diameter X 6 cm) by gravity. After
washing the column with buffer 1 until A4, was <0.002, bound
proteins were eluted with 60 ml of buffer 2 (20 mm Tris-HCI, 0.5
mMm NaCl, and 0.5 mm methyl-a-pD-mannopyranoside, pH 7.5).

The eluted factions were pooled and dialyzed against 2 liters
of buffer 3 (20 mm Tris-HCI, 20 mm NaCl, pH 8.0) (2 liters each
time for 8 h, twice). The dialyzed sample was applied to a
Q-Sepharose™ Fast Flow column (1.5-cm inner diameter X 9
cm) equilibrated with buffer 3 at a flow rate of 1.0 ml/min. After
application, the column was washed with buffer 3 until A,4, was
lower than 0.002 and then eluted at 1.0 ml/min with a linear
gradient of 20 -700 mMm NaCl in 20 mm Tris-HCI, pH 8.0, for 50
min. Fractions of 1.0 ml were collected and analyzed by immu-
noblotting. The factions containing recombinant protein were
pooled and concentrated on Centricon-10 (Millipore).
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After passing through a syringe filter, the concentrated sam-
ple (2 ml) was applied to a Sephacryl S-300 HR column (2.5-cm
inner diameter X 90 cm) equilibrated with buffer 4 (20 mm
Tris-HCI, 150 mm NaCl, pH 8.0). The column was eluted with
buffer 4 at a flow rate of 0.25 ml/min, and fractions were col-
lected at 1.0 ml/tube after the first 60 ml. Each faction was
analyzed by 10% SDS-PAGE followed by silver staining (38) or
immunoblot analysis. After concentration using a Centri-
con-10 device, protein concentration was determined by using
Coomassie Plus"™ protein assay reagent (Pierce) with bovine
serum albumin as standard. Purified proteins were stored at
—80°C.

Activation of proHP6,,, and proHP6,,, ; by Factor Xa—Puri-
fied recombinant protein was incubated with bovine Factor Xa
(New England Biolabs) in buffer 4 plus 2 mm CaCl, at 37 °C for
1 h. Amounts of each protein for a particular experiment are
provided in the legends to Figs. 4 and 5.

ProPO Activation Assays—Recombinant proteins were
mixed with plasma from naive larvae, which had a low basal PO
activity and a dramatic increase in PO activity after M. luteus
elicitation (28). The mixtures were incubated at room temper-
ature for 10 min in the presence or absence of M. luteus. Details
of the reaction mixtures are provided in the figures and corre-
sponding legends. The PO activity in the reaction mixtures was
measured as described previously (39) using dopamine as a sub-
strate. One unit of PO activity was defined as the amount of
enzyme producing an increase in absorbance (AA,,,) of
0.001/min.

Effects of HP6 and HP8 on AMP Gene Expression—Purified
recombinant proteins were injected into day-0 fifth-instar lar-
vae (n = 3 larvae for each treatment). Before injection, larvae
were anesthetized on ice for 15 min and then injected with a
protein mixture in buffer 4 described above using a 1-ml syringe
and a 30-gauge needle. In some experiments larvae were given a
second injection 30 min later of dried M. luteus (ATCC 4698)
suspended in 50 ul of water. Twenty hours later, fat body and
hemolymph samples were collected. Total RNA samples were
prepared from fat body, and cDNA was prepared as describe
above. Cell-free hemolymph samples were heated at 95 °C for 5
min to remove most high molecular weight proteins and then
centrifuged at 10,000 X g for 5 min. The supernatant was stored
at —20 °C.

Quantitative real-time PCR was performed using primer
pairs (supplemental Table S1) designed with the aid of Beacon
Designer 7.0 software. Each 25-ul reaction contained 12.5 ul of
2 X buffer mix (Bio-Rad), 1 ul of forward primer (5 um), 1 ul of
reverse primer (5 um), and 11.5 pl of diluted cDNA. The ther-
mal cycling conditions were 95 °C for 5 min and 40 cycles of
95 °C for 30 s, 53 °C for 30 s, and 72 °C for 40 s. Amplification
was monitored on an iCycler (Bio-Rad) by means of SYBR-
Green (Bio-Rad). Thresholds were individually calculated for
each target gene. Transcript abundance values (ACT =
CTeated — CTooniror) for each gene were used to calculate the
expression level relative to the transcript for rpS3 (27 24¢7,
AACT = AC:T'speciﬁc gene ACTrpSS)‘

Heat-treated cell-free plasma samples (3 ul each) were
treated with 2 X SDS sample buffer containing 0.1 M dithiothre-
itol at 95 °C for 5 min and separated by electrophoresis ona 15%
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SDS-polyacrylamide gel and stained with Coomassie Brilliant
Blue. The bands of interest were excised and sent to the Nevada
Proteomics Center (University of Nevada) for trypsin digestion
and analysis with an ABI 4700 MALDI-TOF/TOF mass spec-
trometer (Applied Biosystems, Foster City, CA) using their
4000 Series Explorer software Version 3.6. The eight most
intense ions from the MS analysis that were not known trypsin
masses were further analyzed by MS/MS. A peak list was cre-
ated by GPS Explorer software (Applied Biosystems) from the
raw data from the ABI 4700. MS/MS peak filtering included a
mass range of 60 to 20 Da below each precursor mass, mini-
mum signal-to-noise filter 10, peak density filter of 50 peaks per
200 Da, and a cluster area filter with maximum number of 65
peaks. The resulting MS/MS peaks and intensities were then
searched against “other metazoa” sequences in the NCBInr
20081128 data base (356,920 sequences) by Mascot. The data
base search parameters included one missed cleavage, fixed
carbamidomethylation of cysteines, and variable oxidation of
methionines, with a 20-ppm tolerance for precursor ions and a
0.6-Da tolerance for fragment ions. The MS/MS data were also
searched against partial sequences for M. sexta cecropin A and
B that were obtained from M. sexta EST contigs 5774 and 2488
(40).

Antimicrobial activity assays were performed as described by
Hultmark et al. (41) using E. coli strain XL1-Blue and M. luteus
strain ATCC 4698. Lysozyme activity was measured as a
decrease in the turbidity of the suspension of M. luteus (Sigma)
at 450 nm, 25 °C, and pH 7.0 as described by Dunn and Drake
(34). An enzyme unit was defined as the amount of enzyme that
produced a AA 5, = 0.001 min~'. For each heat-treated plasma
sample, duplicate 10-ul aliquots were assayed.

RESULTS

HP6 and HP8 Sequence Comparisons—M. sexta HP6 and
HP8 are each composed of an amino-terminal clip domain con-
nected by a linker region to a carboxyl-terminal S1 family serine
proteinase domain (Fig. 14) (15). They are each most similar to
clip domain proteinases known to function in activation of the
Toll pathway (Fig. 1B). HP6 may be an ortholog of Drosophila
Persephone (35% identity), whereas HP8 has the highest iden-
tity to a group of proteinases whose substrate is the cytokine
precursor prospétzle, including Drosophila Easter (42%) (42),
SPE from Drosophila (39%) (18), and Tenebrio (45%) (11) and a
predicted SPE named BAEEase from the silkworm, B. mori
(70%) (18). The predicted proteolytic activation sites ( |, ) are at
19LDLH | ILGG in proHP6 and **'NNDR | IVGG in proHP$
(15) (Fig. 1). After such cleavage, the resulting polypeptide frag-
ments containing the clip domain and the proteinase domain
are expected to remain connected by an interchain disulfide
bond (Cys*®-Cys®*® in HP6 and Cys'?’-Cys**' in HP8). This
linkage would be disrupted under reducing conditions to pro-
duce two separate chains.

HP6 and HP8 Gene Expression—RT-PCR assay indicated
that HP6 and HP8 transcripts were expressed constitutively in
fat body and hemocytes and did not increase after larvae were
injected with bacteria or the 8-1,3-glucan curdlan (supplemen-
tal Fig. S2A4). Both genes appeared to be expressed at signifi-
cantly higher levels in fat body than in hemocytes. Immunoblot
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FIGURE 1. The domain architecture of M. sexta HP6 and HP8 and comparison to other clip domain pro-
teinases. A, domain organization. The positions of cleavage activation sites were predicted based on a
sequence alignment of clip-domain proteinases (3, 15). The asterisk indicates the position of the peptide bond
cleaved during activation. B, comparison of HP6 and HP8 with insect clip domain proteinases with known
function. The phylogenetic tree is based on an alignment of the proteinase domain sequences (see “Experi-
mental Procedures” and supplemental Fig. S1), with horseshoe crab proclotting enzyme (Limulus PCE) as an
outgroup. Numbers at the branches indicate bootstrap value, as a percent of 1000 repetitions. A very similar tree
was obtained when the clip domains were included in the alignment. The circled bootstrap values indicate two
clades that correspond with groups of proteinases that are either the final proteinase in a known pathway
(terminal proteinases) or at the next to last proteolytic step of a pathway (penultimate proteinases; known for
Manduca HP21, Tenebrio SAE, Manduca HP6, Drosophila Snake). The clip domain type is defined based on the
number of residues between the third and fourth Cys residues in the domain (3). The activation site P1 residue
is the amino acid residue (determined experimentally or predicted based on sequence alignment) on the
amino-terminal side of the peptide bond that is cleaved to activate the proteinase zymogen.
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FIGURE 2. SDS-PAGE and immunoblot analysis of recombinant proHP6, proHP8, and proHP6 mutants.
The purified proHP6 (0.1 ng/each) and proHP8 (0.06 ug) were treated with SDS sample buffer containing
B-mercaptoethanol and separated by 10% SDS-PAGE followed by silver staining (A) orimmunoblotting (B). The
sizes and positions of the molecular weight markers are indicated on the right.
analysis of plasma samples revealed a specific band of the
expected size for proHP6 (39 kDa) and proHP8 (40 kDa), whose
intensity did not change significantly after larvae were injected
with E. coli, M. luteus, or curdlan (supplemental Fig. S2B).
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Purification of Recombinant
proHP6, proHP8, and proHP6
Mutants—To investigate potential
immune functions of HP6 and HP8,
we expressed them in their zymo-
gen form as recombinant proteins
in Drosophila S2 cells. We also
expressed  three  site-directed
mutants of proHP6. To obtain an
activated form of HP6, we mutated
its predicted activation site from
LDLH®? to IEGR®?, a sequence pre-
ferred for cleavage by bovine Factor
Xa (43). This mutant was named
proHP6y,. We also prepared a
mutation that changed the catalytic
Ser®®” residue of proHP6 to Ala”®’
to produce an inactive form of HP6
(proHP6,) for use as a negative con-
trol. A third form of the protein con-
tained both mutations, so that it
could be cleaved at the activation
site by Factor Xa but lack proteo-
lytic activity (proHP6 ;). All of the
recombinant proteins were secreted
from S2 cells by utilizing their own
secretion signal peptides. proHP6
and proHP8 in the cell culture
supernatant bound to concanavalin
A, indicating that they are glycopro-
teins. Proteins eluted from a con-
canavalin A column were further
purified by anion exchange chroma-
tography on Q-Sepharose followed
by gel permeation chromatography
on a Sephacryl S-300 HR column.
SDS-PAGE analysis followed by sil-
ver staining or immunoblotting
indicated that proHP6, proHPS,
and proHP6 mutants were of high
purity (Fig. 2). proHP6 and its
mutants had a similar apparent
molecular mass of 39 kDa, whereas
proHP8 had an apparent mass of
40 kDa. These masses are slightly
larger than those predicted from
the cDNA sequences of proHP6
(36.7 kDa) and proHP8 (38.1 kDa),
probably because both proteins
are glycosylated.

Microbial Elicitors Stimulate
proHP6 Cleavage and Activation in
Plasma—We used immunoblot
analysis to investigate whether

endogenous or recombinant proHP6 could be activated by fac-
tors in M. sexta plasma (Fig. 3). Proteolytic activation is pre-
dicted to result in decreased intensity of a band corresponding
to the zymogen and the appearance of a band corresponding to

JOURNAL OF BIOLOGICAL CHEMISTRY 19719


http://www.jbc.org/cgi/content/full/M109.007112/DC1
http://www.jbc.org/cgi/content/full/M109.007112/DC1

Functions of M. sexta Hemolymph Proteinases HP6 and HP8

HP6 Ab
97.4=—

66.3=—

55.4= . «complex

L - w

36.5= €« zymogen

31.0=— w == w» w . catalytic

domain
21.5=
14.4 =

plasma+ + + + +

proHP6
buffer +
LPS +
E. coli + +
M. luteus + +
curdlan + +

FIGURE 3. Cleavage of M. sexta proHP6 after exposure to plasma proteins
and microbial elicitors. Purified proHP6 (72 ng) was incubated at 37 °Cfor 30
min with plasma (3 wl) and the microbial elicitors indicated (10* E. coli XL1-
Blue cells, 10 g of M. luteus, 10 ug of lipopolysaccharide from E. coli 0111:B4
(Sigma L-2630), 10 g of curdlan (Sigma C7821-5G)). The commercial lipopo-
lysaccharide preparation may contain additional bacterial components (54).
The reaction mixtures were subjected to 10% SDS-PAGE followed by immu-
noblot analysis using HP6 antiserum. The sizes and positions of molecular
weight standards are indicated on the /eft. Bands representing proHP6 zymo-
gen, a cleavage product corresponding to its catalytic domain, and a putative
HP6-serpin complex are marked by arrows. Ab, antibody.

++ +
+ ++
+ +
+ +
+ +

the carboxyl-terminal catalytic chain (our antisera to HP6 and
HP8 do not recognize the light chain containing the clip
domain (15)). The naturally occurring proHP6 zymogen band
was detected in plasma, and this band disappeared after plasma
was treated with bacteria or curdlan (Fig. 3). The disappearance
of the proHP6 zymogen correlated with the appearance of a
higher molecular weight band not detected in the control
plasma. This band is likely a covalent complex of the HP6 cat-
alytic chain with an inhibitory serpin present in plasma. We
previously detected such complexes of HP6 with M. sexta ser-
pins 4 and 5 (28, 44). The appearance of serpin-proteinase com-
plexes can be viewed as evidence that HP6 was indeed activated
by plasma factors after exposure to microbial elicitors.

The addition of recombinant proHP6 to plasma to increase
its concentration led to increased intensity of the zymogen
band detected by immunoblot analysis. After treating proHP6-
supplemented plasma with lipopolysaccharide, E. coli, M. lu-
teus, or curdlan, a putative HP6-serpin complex appeared as
well as an additional band at 29 kDa, representing the HP6
catalytic domain (calculated mass, 26.8 kDa). Curdlan and
M. luteus had the strongest effect in stimulating proHP6 acti-
vation (Fig. 3). Detection of the catalytic domain in these sam-
ples supplemented with recombinant proHP6 is probably due
to an excess of active HP6 relative to available serpin in the
plasma. These results are consistent with a conclusion that
microbial elicitors stimulate activation of proHP6 in plasma.
Similar results were obtained for proHP8 (data not shown).

HP6 Activates proHP8 and proPAP1—W e carried out exper-
iments to identify proteins in M. sexta plasma that might be
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FIGURE 4. Activation of purified proHP6,_, and proHP6, , by bovine Fac-
tor Xa. After incubation of the purified recombinant proHP6 proteins (50
ng/each) with Factor Xa (200 ng), the mixtures were separated by 10% SDS-
PAGE followed by immunoblot analysis using HP6 antiserum. The sizes and
positions of molecular weight standards are indicated on the /eft. These were
compared with natural HP6 in plasma activated by exposure to M. luteus (far
right lane). Bands representing proHP6 zymogen, a cleavage product corre-
sponding to its catalytic domain, and a putative HP6-serpin complex are
marked by arrows.

physiological substrates for HP6 using proHP6,, activated by
bovine Factor Xa (42). Incubation of purified proHP6,, or
proHP6,, ; with Factor Xa resulted in decreased intensity of the
39-kDa zymogen band and appearance of the expected 29-kDa
band corresponding to the catalytic domain (Fig. 4). This band
was at the same position as the activated natural HP6 catalytic
domain that appeared after plasma was incubated with bacteria
(Fig. 4). This result indicates that Factor Xa effectively cleaved
proHP6,, and proHP6, ;.

We found that active HP6 can cleave and activate proHP8
and proPAP1 (Fig. 5). When activated proHP6y, was mixed
with proHP8, the proHP8 zymogen disappeared, and a 34-kDa
product corresponding to the catalytic domain of HP8 was pro-
duced (Fig. 5A4). This band did not appear after treatment of
proHP8 with Factor Xa alone or with the Factor Xa-treated
proHP6,, , mutant, indicating that the observed cleavage of
proHP8 was a result of HP6 proteolytic activity. Amidase activ-
ity of HP8 cleaved by HP6, could be detected using a colori-
metric substrate, Ile-Glu-Ala-Arg-p-nitroanilide (Fig. 5A).
Although Factor Xa had some activity with this substrate, a
significant increase in activity was observed in the presence of
HP8 activated by HP6,, but not when proHP8 was treated with
the proHP6,, | negative control.

Similarly, activated HP6,, cleaved proPAP1, producing
bands corresponding to the catalytic and clip domains (Fig. 5B).
Activity of the cleaved PAP1 was detected as hydrolysis of the
Ile-Glu-Ala-Arg-p-nitroanilide substrate. The cleavage of pro-
PAPI1 and the appearance of elevated Ile-Glu-Ala-Arg-p-ni-
troanilide amidase activity did not occur in the mixture includ-
ing the proHP6,,; mutant and Factor Xa, indicating that
proteolytic activity of HP6,, was responsible for the processing
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FIGURE 5. Proteolytic activation of purified proHP8 (A) and proPAP1 (B) by Factor Xa-activated HP6.
proHP6,, (10 ng) or proHP6,, , (10 ng) was activated by Factor Xa (40 ng) and then incubated with proHP8 (20
ng) (A) or proPAP1 (20 ng) (B) at 37 °C for 1 h. The mixtures were subjected to 10% SDS-PAGE and immuno-
blotting using HP8 or PAP1 antibodies (Ab). The sizes and positions of molecular weight standards are indi-
cated on the left. Bands representing proHP8 or proPAP1 zymogen and their catalytic domain are marked by
arrows. Catalytic activity of activated HP8 or PAP1 was detected by a spectrophotometric assay using lle-Glu-
Ala-Arg-p-nitroanilide as a substrate, as described under “Experimental Procedures.” The bars represent the
mean = S.D. (n = 3). Bars labeled with different letters (g, b, and ¢) are significantly different (analysis of variance

and Newman-Keuls test, p < 0.05).

and activation of proPAP1. Active HP6 did not cleave M. sexta
proHP1, proHP21, proPAP2, proPAP3, or proPO.?

HP6 Functions in Plasma proPO Activation—The finding
that HP6 activated proPAP1 led us to test the effect of HP6 in
proPO activation in plasma (Fig. 6). Untreated plasma had low
basal PO activity that could be activated dramatically by addi-
tion of M. luteus. Recombinant proHP6 or proHP6; in the
absence of bacteria had no significant effect on plasma proPO
activation. However, supplementing bacteria-activated plasma
with recombinant proHP6 resulted in an approximate doubling
of PO activity. This additional PO activation did not occur in
the presence of the inactive proHP6; mutant, indicating that the
effect was due to HP6 proteolytic activity. On the other hand,
proHP8 did not have a significant effect on proPO activation.
These results are consistent with an interpretation that proHP6

3 C. An and M. R. Kanost, unpublished results.
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insects injected with buffer. Tran-
script levels for moricin, cecropin,
attacin, gloverin, and lysozyme
increased after larvae were injected
with proHP6 but not after injection
of proHP6,; (Fig. 7). When larvae
injected with proHP6 or with
proHP6, or buffer alone as controls
were injected 30 min later with
M. luteus, there was a strong induction of AMP transcript lev-
els. This increase was even greater in larvae that had been first
injected with recombinant proHP6 but not in larvae first
injected with the inactive proHP6; (Fig. 7B). In fact, the insects
injected with bacteria and proHP6, tended to have lower tran-
script levels than those injected only with bacteria, perhaps
indicating a dominant negative effect of the mutant proHP6,.
With lysozyme, we could also assay the protein in hemo-
lymph by immunoblotting and enzyme activity (Fig. 7C), and
these results are consistent with the data for lysozyme tran-
script level. proHP6 but not proHP6; enhanced expression of
lysozyme. Similarly, proHP6 but not proHP6,; enhanced the
bacterial induction in vivo of plasma antimicrobial activity
against E. coli or M. luteus (Fig. 7D). In SDS-PAGE analysis of
heat-stable proteins in these plasma samples, several bands
increased in intensity after insects were injected with proHP6
or proHP6 followed by M. luteus (Fig. 7D). Analysis of tryptic

JOURNAL OF BIOLOGICAL CHEMISTRY 19721


http://www.jbc.org/cgi/content/full/M109.007112/DC1

Functions of M. sexta Hemolymph Proteinases HP6 and HP8

18 c

-
N O

PO Activity (Units)

plasma + +
M. luteus + + + +
proHP6 + +
proHP6, + +
proHP8 +

FIGURE 6. HP6 stimulates the proPO activation cascade. Samples of
plasma (3 ul) were left untreated or mixed with M. luteus (10 ng) or with
M. luteus plus proHP6 (40 ng), proHP6, (40 ng), or proHP8 (60 ng). After incu-
bation at room temperature for 10 min, PO activity was assayed using dopa-
mine as a substrate, as described under “Experimental Procedures.” The bars
represent the mean = S.D. (n = 3). Bars labeled with different letters (a, b, and
¢) are significantly different (analysis of variance and Newman-Keuls test, p <
0.05).

peptides from these bands by MS/MS and Mascot software
identified them as attacin-1, attacin-2, immune-induced pro-
tein-1, lysozyme, gloverin, cecropin A, and cecropin B (supple-
mental Table S2). These results indicate that HP6 proteolytic
activity functions in a pathway that leads to bacteria-induced
expression in fat body of several genes encoding AMPs.

We carried out similar experiments to test the function of
HP8 in AMP gene expression. We injected proHP8 or active
HP8 (generated by cleavage with activated HP6,) into larvae
and 20 h later assayed fat body mRNA levels and plasma anti-
microbial activity and lysozyme levels (Fig. 8). Note that in
these experiments the amount of activated HP6,, used to acti-
vate proHP8 (30 ng) was much less than we used to inject larvae
to test HP6 function (400 ng) and did not stimulate a significant
increase in antimicrobial peptide mRNA levels. It is possible
that this small amount of active HP6 is rapidly inhibited by
plasma serpin-4 and serpin-5 (44). Injection of activated HP8
stimulated a significant increase in the transcript levels of
attacin, ceropin, moricin, and lysozyme. Gloverin mRNA
level was also elevated, but with a large variance in these
samples, a statistically significant difference was not
observed. Lysozyme enzymatic activity correlated well with
the lysozyme mRNA levels and confirmed that injection of
HP8 stimulated increased lysozyme concentration in
plasma. Activated HP8 also stimulated the appearance of
antibacterial activity against E. coli and M. luteus in plasma.
SDS-PAGE after injection of larvae with activated HPS8
showed increased intensity of multiple bands, three of which
were excised and identified by Mascot analysis of MS/MS
data as attacin-1, gloverin, and cecropin A and B (supple-
mental Table S2). Injection of activated HP8 or M. luteus
resulted in similar levels of AMP transcripts in fat body and
antimicrobial activity in hemolymph, suggesting that HP8 is
a component of a pathway leading to bacteria-induced
expression of these innate immune response genes.
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DISCUSSION

Although proPO activation in insect immunity has been
investigated for many years (9), understanding of the proPO
activation cascade is still incomplete. To investigate proPO
activation and other immune pathways in M. sexta, we have
isolated more than 20 serine proteinase cDNAs from fat body
and hemocytes (15). Only a handful of these hemolymph pro-
teinases have been studied functionally. ProPAP1, proPAP2,
and proPAP3 can cleave and activate proPO (39, 45-47) in a
reaction that requires the noncatalytic SPH1 and SPH2 (26, 39,
45, 47). One cascade pathway for proPO activation in M. sexta
has been established. proHP14 becomes active in the presence
of Gram-positive bacteria or 8-1,3-glucan recognition protein
and zymosan (21). HP14 can then activate proHP21, which in
turn activates proPAP2 or proPAP3 (7, 16), and PAP2 or PAP3
in the presence of active SPHs can activate proPO (Fig. 9). How-
ever, the pathways that lead to the cleavage activation of pro-
PAP1 and proSPHs have remained elusive. Likewise, process-
ing of spidtzle has recently been found to induce AMP
production in lepidopteran insects (48), but the proteinase
mediators had not been identified. We have examined the func-
tion of two M. sexta serine proteinases, HP6 and HPS8, and
found that they stimulate expression of AMP genes and that
HP6 also promotes proPO activation.

We produced recombinant proHP6 and proHPS8 as well as
mutants of proHP6. These purified proteins were used as
reagents for in vitro experiments to examine their proteolytic
activity and for ex vivo experiments in the complex protein
mixture present in plasma, and the proteins were also injected
into larvae, permitting assay of their function in vivo. Increasing
the proteinase concentration by the addition of recombinant
proteins to plasma or injection into larvae provided a means to
examine the effects of “overexpression” of the proteinases. Use
of a recombinant inactive HP6; mutant provided an important
negative control for establishing that observed biological effects
were due to the HP6 proteolytic activity.

proHP6 in plasma was cleaved and activated after exposure
to bacteria or curdlan. The addition of proHP6 (but not the
catalytically inactive proHP6,) to plasma resulted in activation
of proPO. This outcome can be explained by our discovery that
HP6 cleaves and activates proPAP1, an enzyme that has multi-
ple functions in the proPO activation cascade, including activa-
tion of proPO, activation of proSPH2, and functioning in a pos-
itive feedback step that promotes proHP6 activation (49). The
activator of proHP6 is still unknown; however, activation of
proHP6 in plasma can be inhibited by serine proteinase inhib-
itors such as benzamidine or phenylmethylsulfonyl fluoride,
suggesting that activation of proHP6 is mediated by a serine
proteinase.* HP14 does not activate proHP6,” a finding consist-
ent with our current model in which two different proteinase
cascades lead to proPO activation in M. sexta (Fig. 9).

HP6 was also found to activate proHP8. HP8 had no effect on
proPO activation in plasma, but we discovered that injection of
activated HP8 (or proHP6) into larvae stimulated expression of
a set of AMP genes. Injection of proHP6 into larvae with no

4 ). Ishibashi, unpublished results.
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FIGURE 7. HP6 stimulates synthesis of antimicrobial plasma proteins in vivo. Fifth-instar day-0 larvae were
injected with buffer (180 ul buffer 4), proHP6 (0.4 g in 180 ul of buffer 4), or the catalytically inactive mutant
proHP6, (0.4 g in 180 wul of buffer 4). For some treatments, the insects were injected again 30 min later with 500
g of M. luteus. After 20 h, hemolymph was collected from each insect, and RNA samples were prepared from
fat body from groups of three insects. mRNA levels for indicated genes was assayed by quantitative RT-PCR
(Relative Expression) as described under “Experimental Procedures.” A, antimicrobial peptide mRNA expression
stimulated after injection of recombinant proHP6. B, antimicrobial peptide mRNA expression after treatment
with M. luteus plus HP6. C, lysozyme mRNA and plasma lysozyme expression (detected by enzyme assay and
immunoblotting (1 wl/lane)). D, antimicrobial activity of plasma assayed against E. coli or M. luteus and identi-
fication of induced antimicrobial plasma proteins by 15% SDS-PAGE (3 wl/lane) and MALDI-TOF peptide mass
fingerprinting. For lysozyme and antibacterial activity, the bars represent mean = S.D. (n = 3). Bars labeled with
different letters (g, b, and ¢) are significantly different (analysis of variance and Newman-Keuls test, p < 0.05).

microbial challenge stimulated expression of several antimicro-
bial peptide genes. However, the proHP6; mutant did not, indi-
cating that the proteolytic activity of HP6 is required for this
process. There may have been a low level of HP6 activation in
these insects triggered by the wounding injection, or perhaps
there is a low background level of activation of this pathway in
the absence of infection that was accentuated by the higher
concentration of proHP6 achieved after injection of the recom-
binant protein. As HP6 and HP8 are similar to Drosophila Per-
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induced gene expression, such as
microarray experiments, should
serve as a caution that such
screens may miss potentially
important innate immune genes.
HP6 occupies a position as the
penultimate proteinase in two dif-

ferent immune pathways in
M. sexta, leading to activation of
proPO and the melanization

response and to activation of spitzle and synthesis of AMPs
(Fig. 9). In Drosophila, Persephone may serve the same function
as HP6 in the Toll immune pathway, activating proSPE, but
Persephone has not so far been implicated in the melanization
response. Persephone can be activated by fungal and bacterial
proteinases, suggesting that it is adapted to stimulate a response

5 C. An, H. Jiang, and M. Kanost, unpublished results.

JOURNAL OF BIOLOGICAL CHEMISTRY 19723



Functions of M. sexta Hemolymph Proteinases HP6 and HP8

A attacin cecropin gloverin moricin
e
o 48 b 800 c|] €0 | 3200 b
2 b
g 36 600 45 2400
x
5 2 400 30 1600
>
& 12 a 200 800 a
@ a
o) a
2 ii o] =N 0 a a
buffer + +
proHP8 + + + +
factor Xa + + + + + +
proHP6y, + + + + + + + +
B lysozyme lysozyme Ab
S _ i 66 =
]
3 o2 31=
° §-§ 2 14= TT -
2 i S 6=
(0]
e« 0
buffer + +
proHP8 + + + +
factor Xa + + + +
proHP6y, + + + + + +
C Anti-E. coli SDS-PAGE

66m == == == ==

31" e ——

-— - «attacin-1

14= : “ «gloverin

Activity (Units)
o ©

o w

Antibacterial
Activity (Units)
Antibacterial

~ «cecropin

buffer +
proHP8 + + + +
factor Xa + + + +
proHP6y, + + + + + +

FIGURE 8. HP8 stimulates synthesis of antimicrobial plasma proteins in vivo. Fifth-instar day-0 larvae were
injected with buffer (116 ul of buffer 4) or recombinant protein mixtures in 116 ul of buffer 4: HP6,, (30 ng)
activated by bovine Factor Xa (120 ng), proHP8 alone (1.6 ng), or HP8 (1.6 ng) activated by HP6,,, (30 ng). After
20 h, hemolymph was collected, and fat body RNA samples were prepared from each insect. mRNA levels for
the indicated genes were assayed by quantitative RT-PCR (Relative Expression) as described under “Experimen-
tal Procedures.” A, antimicrobial peptide mRNA expression. B, lysozyme mRNA and plasma lysozyme expres-
sion (detected by enzyme assay and immunoblotting (1 wl/lane)). Ab, antibody. C, antimicrobial activity of
plasma assayed against E. coli or M. luteus and identification of induced antimicrobial plasma proteins by 15%
SDS-PAGE and MALDI-TOF peptide mass fingerprinting. The bars represent mean = S.D. (n = 3). Bars labeled with
different letters (a, b, and c) are significantly different (analysis of variance and Newman-Keuls test, p < 0.05).
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FIGURE 9. A model for the roles of M. sexta HP6 and HP8 in extracellularimmune pathways and comparison
with Drosophila (18, 30-32, 50) and Tenebrio (11, 19) innate immune pathways involving serine proteinase
cascades. Arrows indicate activation of downstream components or steps. Dashed arrows indicate steps that have
not been experimentally verified or in which components of the pathway have not yet been identified. Proteins
shown in the same color are putative orthologs. PGN, peptidoglycan; PGRP, peptidoglycan recognition protein;
PGRP-SA, peptidoglycan recognition protein-SA; GRP, B-1,3-glucan recognition protein; GNBP, Gram-negative bac-
teria binding protein; PPO, prophenoloxidase; SAE, SPE activating enzyme; Psh, Persephone.
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to microbial virulence factors (31,
50). It may also be activated by
endogenous proteolytic activity in
hemolymph downstream of GNBP3
(50), although the identity of such a
proteinase is not yet known.
M. sexta HP6 can be activated by
proteolytic activity in hemolymph
in the absence of live microbial
infection, indicating the existence of
an endogenous activating protein-
ase. Persphone and HP6 are acti-
vated by cleavage after a His residue
(Fig. 1), which is unusual for serine
proteinases and may point toward
an activating proteinase with a
unique active site pocket.

A pathway leading to activation
of a single proteinase, SPE, which
can activate both spitzle and
proPO, has been defined in another
insect, the beetle T. molitor (11, 19).
This pathway is different from the
one we have discovered in M. sexta,
in which three different proteinases
have proPO-activating function,
and a different proteinase, HPS,
activates spitzle (Fig. 9). A protein-
ase similar to HP6 and Persephone
has not yet been identified in
T. molitor, although a related beetle,
Tribolium castaneum, has in its
genome a predicted gene (XP_
974337, SP66) that is a probable
ortholog of HP6/Persephone and
has a His residue at its predicted
activation site (51). The proteinase
SAE, which activates T. molitor SPE
(11), is more similar to M. sexta
HP21 (Fig. 1), which activates pro-
PAP2 and ProPAP3 (7, 16).

We previously found that insect
clip domain proteinases fall into two
groups based on overall sequence
comparison and on some individual
sequence features of their clip
domains (3, 52). We observe that
these two groups of proteinases also
can be distinguished based on their
position in a cascade pathway (Fig.
1). Phylogenetic analysis based
on alignment of the proteinase
domains places the clip domain pro-
teinases in two well defined clades.
One clade contains the enzymes
known to activate spétzle or proPO
(terminal proteinases). The other
clade contains enzymes upstream in
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the pathways, with those of known function having terminal
proteinases as their substrates (penultimate proteinases).
Within the terminal proteinase clade, the enzymes that activate
spétzle (HP8, SPEs, Easter) cluster together, as do those that
activate proPO (Manduca PAPs, Bombyx proPO-activating
enzyme, Holotrichia PPAF1, Tenebrio SPE). The terminal pro-
teinases all have a basic residue, Arg or Lys, at their activation
site, whereas the penultimate proteinases instead have Leu
(Manduca HP21, Tenebrio SAE, Drosophila snake), His (Dro-
sophila Persephone, Manduca HP6), or Ser (Drosophila Spirit)
at this position.

These two groups of enzymes also differ consistently in
the length of the sequence between the third and fourth Cys
residues of their clip domains, a feature previously used to
define two groups of clip domain proteinases (3). Type 2 clip
domains have 22—-24 residues between Cys-3 and -4, whereas
type 1 clip domains typically have 15-17 residues at the same
position, with Drosophila Persephone somewhat longer at 20
residues. Drosophila Grass does not fit well in either clade
and has an unusually long sequence (29 residues) between
Cys-3 and -4 of its clip domain. The region between Cys-3
and -4, forming two antiparallel a-helices in the clip
domains of M. sexta PAP2, has been proposed as a potential
recognition/binding site (53). A conserved structural differ-
ence in this region between the clip domain proteinases that
occupy different positions in cascade pathways may be due
to binding interactions required for their function to either
activate another proteinase or to activate proPO or a cyto-
kine such as spitzle.
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