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Abstract

Tissue damage or pathogen invasion triggers the auto-proteolysis of an initiating serine protease
(SP), rapidly leading to sequential cleavage activation of other cascade members to set off innate
immune responses in insects. Recently, we presented evidence that Manduca sexta hemolymph
protease-1 zymogen (proHP1) is a member of the SP system in this species, and may activate
proHP6. HP6 stimulates melanization and induces antimicrobial peptide synthesis. Here we report
that proHP1 adopts an active conformation (*) to carry out its function, without a requirement for
proteolytic activation. Affinity chromatography using HP1 antibodies isolated from induced
hemolymph the 48 kDa proHP1 and also a 90 kDa band (detected by SDS-PAGE under reducing
conditions) containing proHP1 and several serpins, as revealed by mass spectrometric analysis.
Identification of tryptic peptides from these 90 kDa complexes included peptides from the amino-
terminal regulatory part of proHP1, indicating that proHP1* was not cleaved, and that it had
formed a complex with the serpins. As suicide inhibitors, serpins form SDS-stable, acyl-
complexes when they are attacked by active proteases, indicating that proHP1* was catalytically
active. Detection of M. sextaserpin-1, 4, 9, 13 and smaller amounts of serpin-3, 5, 6 in the
complexes suggests that it is regulated by multiple serpins in hemolymph. We produced site-
directed mutants of proHP1b for cleavage by bovine blood coagulation factor Xa at the designed
proteolytic activation site, to generate a form of proHP1b that could be activated by Factor Xa.
However, proHP1b cut by Factor Xa failed to activate proHP6 and, via HP6, proHP8 or proPAP1.
This negative result is consistent with the suggestion that proHP1* is a physiological mediator of
immune responses. Further research is needed to investigate the conformational change that results
in conversion of proHP1 to active proHP1*.
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1. Introduction

Serine protease (SP) pathways are conserved in evolution as a strategy to mediate rapid
defense responses to tissue damage or microbial infection (Jiang and Kanost, 2000; Krem
and Di Cera, 2002). In such cascade pathways, a series of preexisting, inactive zymogens
become active SPs through specific recognition and sequential proteolysis. The potency and
duration of these responses are often controlled by SP inhibitors including serpins (Gubb et
al., 2010; Meekins et al., 2017). Serpins are suicide inhibitors that form stable acyl-enzyme
complexes with cognate proteases, only when the active SPs attack the serpins at their
reactive center loop (Gettins, 2002). In the last two decades, genetic and biochemical studies
have generated much knowledge on the constitution and regulation of immune SP pathways
in Drosophila, mosquitoes, beetles, moths, and other insects (Barillas-Mury, 2007; Jiang et
al., 2010; Park et al., 2010; Veillard et al., 2016). Many pathway members contain an amino-
terminal regulatory clip domain, a linker, and then an SP catalytic domain (Kanost and
Jiang, 2015). After cleavage, the catalytic domain remains attached to the clip domain and
linker via an interchain disulfide bridge. Clip-domain serine protease homologs (SPHSs) also
participate in insect immune responses (e.g. phenoloxidase (PO) mediated melanization), but
the cleavage occurs between Cys-3 and Cys-4 of the clip domain in these SPHs (Kwon et al.,
2000; Wang and Jiang, 2004; Yu et al., 2003).

Melanization pathway has been well studied in Manduca sexta (Kanost and Jiang, 2015). A
modular serine protease, HP14, is auto-activated in the presence of p-1,3-glucan and its
recognition protein BGRP1/2 (Wang and Jiang, 2006 and 2010) or in the presence of
diaminopimelic acid-peptidoglycan (DAP-PG), microbe-binding protein (MBP), and PG
recognition protein-1 (PGRP1) (Wang and Jiang, 2017). Active HP14 then cuts proHP21 to
form HP21 (Wang and Jiang, 2007), which in turn activates proPAP2 and proPAP3 (PAP for
proPO activating protease) (Gorman et al., 2007). ProPAP1 is activated by HP6 (An et al.,
2009). PAP1, PAP2 or PAP3 cleaves proPO to PO in the presence of a complex of SPH1 and
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SPH2. The proHP6 cleavage activation may involve proHP1 (Yang et al., 2016). Besides
proPAP1, HP6 cuts proHP8 to form HP8, HP8 activates pro-Spatzle, and Spéatzle binds a
Toll receptor to trigger an intracellular pathway that induces the synthesis of antimicrobial
peptides (AMPs) (An et al., 2009 and 2010).

Proteolytic processing is a common, posttranslational modification and, in the case of
zymogen activation, it rapidly converts inactive precursors to active enzymes. Zymogen
activation can also occur in the absence of an activating protease. Prophenoloxidases
(proPOs), isolated from the tobacco hornworm Manduca sexta, are activated by
cetylpyridinium chloride (CPC, a cationic detergent) (Hall et al., 1995). Concentration of
proPAP1 in a centrifugal device produced some active PAP1 (/.e. proPO activating
protease-1), even though PAP1 does not usually activate proPAP1 by itself (Wang et al.,
2001).

We recently reported the CPC-induced auto-proteolysis of proHP1, which can then cleave
proHP6 (Yang et al., 2016). HP1 is the first clip-domain SP cloned from M. sextaand a
member of the CLIPD subfamily (Cao et al., 2015; Jiang et al., 1999; Yang et al., 2016).
ProHP1 is present in plasma at an estimated concentration of 27 pug/ml as a mixture of two
closely related proteins, proHP1a and proHP1b (89.7% identical; 95.1% similar), at a ratio
of approximately 7:1. For simplicity, we use proHP1* to denote the active proHP1 in plasma
after microbial elicitation. The proenzymes are produced in granular hemocytes but not in
fat body, and injection of bacteria into larvae led to differential expression of the two genes
(YYang et al., 2016). Incubation of CPC with proHP1a/b or catHP1a/b (the catalytic domain)
yielded an amidase activity that hydrolyzed A-acetyl-Leu-Asp-Leu-His-p-nitroanilide
(LDLHpNa), a substrate synthesized to match the sequence preceding the proteolytic
activation site of M. sexta proHP6 (An et al., 2009). The recombinant proHP1a/b or
catHP1a/b elicited proPO activation in cell-free hemolymph, and catHP1a-treated plasma
contained the proteolytically activated forms of HP6, HP8, and PAP1 (Yang et al., 2016).
Based on these results, we hypothesize that proHP1* may be a physiological activator of
proHP6.

Another line of evidence for the current hypothesis arose from the study of M. sexta serpin-4
and -5, which suppress proPO activation in plasma by forming covalent complexes with
HP1, HP6, and other HPs (Tong et al., 2005; Tong and Kanost, 2005). The complex of HP1
and serpin-4 migrated as a 90 kDa band in SDS-PAGE under reducing condition,
substantially higher than 75 kDa or the typical size of a serpin-protease complex. This
observation led us to test whether the 90 kDa band contains a region before the predicted
cleavage activation site of proHP1 [(A/P)QGRIVF(G/D)S]. In addition, we substituted
AQGR of proHP1a (or PQGR of proHP1b) with IEGR — the recognition sequence of bovine
blood coagulation factor Xa, to test whether proHP1a/b mutant cleaved by Factor Xa can
function as a proHP6 activating enzyme. We also tested a hypothesis that a-helical
antimicrobial peptides (detergent-like AMPs) or other plasma proteins may mimic the role
of CPC by inducing the proHP1* conformation that can cleave proHP6 at the LDLHVILGG
site. To address these questions, we have performed a series of experiments, demonstrating
the existence of proHP1*, and discuss implications of the positive and negative results.
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2. Materials and methods

2.1. Insect rearing, immune challenge, and hemolymph collection

M. sexta eggs were purchased from Carolina Biological Supply and larvae were reared on an
artificial diet (Dunn and Drake, 1983). Each day 2, 5 instar larva was injected with a
mixture of killed bacteria (Yang et al., 2016). Induced hemolymph (IH) was collected from
cut prolegs of three larvae 24 h later and centrifuged to remove hemocytes. Similarly, control
hemolymph (CH) samples were prepared from naive day 2, 51 instar larvae.

2.2. Immuno-affinity purification of proHP1 and its associated proteins

Cell-free hemolymph samples (10 ml) from immune-challenged larvae were incubated with
Micrococcus luteus (100 pg) for 30 min at room temperature to activate the SP-SPH system.
To avoid melanization and protein crosslinking, 10 mM diethylthiocarbonate (a Cu2*
chelator that inhibits PO) and 1 mM 1-phenyl-2-thiourea (another PO inhibitor) were added
to the reaction mixture. Rabbit antiserum against HP1 (4.8 ml) was coupled to 2.4 ml
Protein A-Sepharose beads (Sigma) according to the manufacturer’s instructions. For
isolating serpin-HP1 complexes, the plasma activated by M. luteus was mixed with the
antibody-coupled beads for 8 h at 4°C with gentle agitation. The suspension was loaded into
a Poly-Prep column (Bio-Rad) and then washed with 20 ml of 1 M NaCl and 20 ml of 10
mM sodium phosphate, pH 6.8 to remove unbound proteins. Bound proteins were eluted
from the column with 50 mM glycine-HCI, pH 2.5. Fractions (0.5 ml each) were instantly
neutralized with 50 pl, 1 M Tris-HCI, pH 8.0 in each collection tube. The elution fractions
were separated by SDS-PAGE, followed by light staining with Coomassie Blue or
immunoblot analysis.

2.3. In-gel trypsinolysis and LC-MS/MS analysis

The 80-95 kDa region excised from the SDS-PAGE gel described above was cut into small
pieces before extensive destaining with 50% acetonitrile in 50 mM NH4HCO3, pH 8.0. The
proteins in the gel pieces were reduced with tris(2-carboxyethyl) phosphine (TCEP),
alkylated by iodoacetamide at Cys residues, and digested with sequencing grade trypsin for
16 h at 37°C, as described before (He et al., 2016). The tryptic peptides were extracted from
the gel pieces using 1% trifluoroacetic acid for LC-MS/MS analysis on an LTQ-OrbitrapXL
mass spectrometer (Thermo Scientific) in the DNA/Protein Resource Facility at Oklahoma
State University. The MS/MS spectra were searched against Msexta_060614.fasta (He et al.,
2016) for protein identification. Centroided ion masses were extracted by extract_msn.exe
utility from Bioworks (v3.3.1) for database searching. Scaffold (v4.2.0, Proteome Software
Inc.) was used to validate MS/MS-based peptide or protein identifications. Scan humbers
were extracted from Scaffold Viewer to locate HPLC peaks of specific tryptic peptides.
Xcalibur Qual Browser (v3.0 Thermo Scientific) was used to find the retention time along
with base peak from the raw file. To generate a peak map, parameters were set to: mass
tolerance (10.0 ppm); scan filter (FTMS+p NSI full ms [360.00-1400.00]; plot type (base
peak); detector (MS); peak algorithm (ICIS); delay (0.00 min); ranges (m/z numbers of the
peptide). For selected peptides, 2" mass spectra were directly extracted from Scaffold.
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2.4, Tests for the generation of proHP1* and HP6 in vitro

To obtain heat-stable plasma proteins including AMPs, CH and IH (Section 2.1) stimulated
with 5 mg/ml M. Juteus at 25°C for 10 min were separately heated for 5 min at 95°C and
centrifuged at 10,000x g for 10 min to remove precipitated proteins. Each supernatant (1 pul)
or synthetic moricin (1 pl, 0.2 pg/ul) was incubated with proHP6 (1 pl, 100 ng/pl) in the
presence or absence of recombinant proHP1a (1 ul, 100 ng/ul) (Yang et al., 2016) in 1 mM
CaCly, 20 mM Tris-HCI, pH 7.4 (total volume: 20 pl) for 3 h at 37°C and separated by SDS-
PAGE. Possible cleavage of proHP6 was analyzed using 1:1000 diluted HP6 antiserum as
the primary antibody and 1:1000 diluted goat-anti-rabbit IgG conjugated with alkaline
phosphatase (GAR-AP) (Bio-Rad) as the secondary antibody.

2.5. Site-directed mutagenesis of proHPla/b cDNA

The proHP1a cDNA and mutagenic primer J1470 (5'-
AAGCACGCGAATAGAAGGGCGGGTATTCGACTCCCGC) were used to construct
proHPlayx./pGEM-T as described before for other clip domain proteases (An et al., 2009).
The underlined part encodes IEGR (the recognition sequence of bovine clotting factor Xa) to
substitute for AQGR, the putative activation site of proHP1a. Similarly, proHP1bx,/pGEM-
T was generated using proHP1b cDNA and J1468 (5'-
AAGCACGCGAATAGAAGGGCGGGTATTCGACTCCCGC) to change PQGR to IEGR.
After sequence verification, the £coRI1-Xhol fragments were directionally cloned into the
same sites in pMFHG6 (Lu and Jiang, 2008) to yield plasmids proHPlay,/pMFH6 and
proHP1by,/pMFHSE.

2.6. Production of M. sexta proHP1a and proHP1b mutants in the baculovirus system

The recombinant plasmids were used to generate bacmids, baculoviruses, and virus-infected
Sf9cell cultures (Yang et al., 2016). The proHP1a or proHP1b mutants in the conditioned
media (500 ml) were purified by ion exchange chromatography on dextran sulfate-
Sepharose, Ni2*-NTA affinity chromatography, and Superdex-100 gel filtration
chromatography. After concentration and buffer exchange on Amicon ultracentrifugal filter
devices (30K MWCO, Millipore), the proteins were stored at —80°C in 20 mM Tris-HCI, pH
7.4, 50 mM NacCl.

2.7. Treatment of proHP1bx,, proHP6 or both with bovine clotting factor Xa

The purified proHP1by,, proHP6, or both were incubated with different amounts of Factor
Xa (Haematologic Technologies) in 1 mM CaCly, 20 mM Tris-HCI, pH 7.4, as indicated in
Fig. 6 legend. The reaction mixtures and controls were heated at 95°C for 5 min in 1xSDS
sample buffer with or without dithiothreitol (DTT) and separated by SDS-PAGE. Following
electrotransfer onto a nitrocellulose membrane, the blot was blocked with 3% dry milk in
Tris-buffered saline (TBS) and incubated overnight with 1:1000 diluted rabbit polyclonal
antiserum in TBST (TBS supplemented with 0.05% Tween-20) as the primary antibody.
After washing with TBST three times, 1:1000 diluted GAR-AP was incubated with the
membrane for 4 h before washing and development using AP Conjugate Substrate Kit (Bio-
Rad).
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3. Results and discussion

Six M. sexta serpins are known to inhibit serine proteases in larval hemolymph by forming
covalent complexes with HPs during immune responses (An and Kanost, 2010; An et al.,
2011; Christen et al., 2012; Jiang et al., 2003; Ragan et al., 2010; Suwanchaichinda et al.,
2013; Tong et al., 2005; Zhu et al., 2003; Zou and Jiang, 2005). These SDS-stable
complexes contain the N-terminal most part (40-45 kDa typically) of the serpin and the C-
terminal catalytic domain (about 30 kDa) of the protease. For instance, serpin-4 has a typical
size of 45 kDa and forms 75 kDa acyl-enzyme complexes with the catalytic domains of
HP6, HP21, and two unknown HPs (Tong et al., 2005). Surprisingly, serpin-4 was also
detected in a complex with a form of HP1 at 90 kDa (Tong et al., 2005). This unusually high
M, suggests that the entrapped protease contains at least a part of the pro-region and lack of
proteolysis at putative cleavage activation site. Since this interpretation contradicts the usual
concept of SP zymogen activation (/.e. specific proteolysis at the activation site), we decided
to further analyze the protein composition of the 90 kDa HP1-serpin complexes to test for
the presence of peptides from the pro-region.

3.1. Isolation and characterization of the 90 kDa proHP1-serpin complexes formed in larval

plasma

We prepared an HP1 antibody column to isolate proHP1 and associated proteins from M.
luteus-stimulated plasma by immunoaffinity chromatography (Fig. 1). ProHP1 was
relatively abundant in plasma (25-30 pg/ml), enriched on the column, and eluted as a major
protein that migrated as a band at 48 kDa on the Coomassie blue-stained gel. In comparison,
a 90 kDa band was hardly visible after light staining but was strongly recognized by the HP1
polyclonal antibodies (Fig. 1A, 1B). Enrichment of this putative proHP1-serpin complex by
the affinity chromatography was obvious, since it was only detected as a faint band in
plasma. A fainter immunoreactive band at 75 kDa was uncharacterized and could be a
proteolytic fragment of the proHP1-serpin complexes (Tong et al., 2005, Christen et al.,
2012).

We excised the 80-95 kDa region in lanes E2 and E3, thoroughly treated it with TCEP,
iodoacetamide, and trypsin, and analyzed the resulting peptides by nanoLC-MS/MS. We
identified from this band HP1 and several serpins (serpin-1, 3, 4, 5, 6, 9, 13, and 15B),
which are presumably present as serpin-protease complexes. Serpin-9, 13, and 15B had not
previously been identified in hemolymph but were annotated recently in the M. sexta
genome (Kanost et al., 2016). In addition to HP1 and serpins, several other proteins were
identified in this band (Table 1), including 1) apolipoproteins and hexamerins, which are
inevitable because of their high levels and A4’s close to 80 kDa; 2) defense proteins (>70
kDa) (e.g. hemicentin, hemocytin, Hsp90, nimrod B, proPOs); 3) defense proteins (30-70
kDa) (e.g. Hsp25.4d, immulectins, PAP3), as parts of high A4 immune complexes (He et al.,
2016); 4) Remarkably, about 2/3 of the 36 proteins are involved in immune responses,
suggesting that they may interact with proHP1 and were thus enriched by the HP1
immunoaffinity chromatography.

Besides protein identification, total spectral counts (TSCs) of the mass spectrometric
analysis, which reflect relative levels of the proteins, are also informative (Table 1). For
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instance, proHP1a was more abundant than PAP3 or the individual serpins, and proHP1b
level was much lower than proHP1a. To confirm by another method the presence of the
detected HPs and serpins, we used immunoblotting and the available antibodies to validate
that distinct immunoreactive bands existed in the range of 80-95 kDa. Serpin-1, 3, 4, 5, 6, 9,
and 13 were indeed detected at about 90 kDa (Fig. 2A). (No antibody was available yet for
serpin-15B.) Additionally, serpin-1, 4, 5, 6, 9, and 13 were also found in 70-75 kDa, likely
as complexes with other HPs, which were somehow associated with proHP1. Sequence
alignment of their reactive center loop regions shows these serpins all have a positively
charged P1 residue (Lys in serpin-3 and Arg in others) (Fig. 2C). This finding agrees well
with the predicted trypsin-like specificity of proHP1* (Yang et al., 2016), and the predicted
cleavage of these serpins at the P1 residue by proHP1*, leading to detection of proHP1*-
serpin complexes identified by mass spectrometry and immunoblot analysis. Observing
multiple serpin-proHP1* complexes was also consistent with high intensity of the 90 kDa
band and the presence of proHP1 at a relatively high abundance.

Because resolution of the 90 kDa band was insufficient for distinguishing different proHP1-
serpin complexes, we repeated the immunoblot analysis after non-reducing SDS-PAGE (Fig.
2B). The HP1 antibodies detected three intense bands between 80 and 95 kDa. The top one
was also recognized by serpin-13 antibodies; the middle by serpin-4 and serpin-1 antibodies;
the bottom band by serpin-9 antibodies. Partly due to the low levels, serpin-3, 5 and 6
antibodies failed to detect the unreduced complexes with HP1. Redox state of the proteins
may have impacted conformation, gel mobility, and accessibility of antigenic determinants
of the serpins in their complexes with proHP1*.

To further characterize the serpin-protease complexes, we closely examined the primary and
secondary mass spectra of tryptic peptides from the identified proteins (Table S1), in
particular HP1. We detected three peptides in the amino-terminal regulatory region of
proHP1a (Fig. 3) and six peptides in the catalytic domain. F/8CIQEDFKS83 resides between
Cys-2 and Cys-4 of the clip domain (lowest intensity); 1'3’NQAQNR143 (highest intensity)
and G144CGLSTR are adjacent peptides in the linker between the clip and catalytic
domains. We deduced that the putative proteolytic activation site was uncut because,
otherwise, 75 kDa serpin-proHP1* complexes would have been detected on the
immunoblots after SDS-PAGE under reducing condition. For proHP1b, two peptides
(1137SQAQNR43 and G144CGLSTRISOPISIQGRIS4Y in the linker were detected (Table S1,
Fig. 5). The first peptide had S138 replacing N138 in proHP1a; the second was longer than
G44CGLSTRI®0 in proHP1a, as trypsin cannot efficiently cleave between R150 and P1%1 to
release P11QGR%4 from proHP1b. Trypsin likely cut out A®1QGR1%4 from proHP1a but
the 371.3 Da peptide was filtered out by the mass spectrometer with the low limit set at
400.0 Da. In summary, we have obtained solid evidence that proHP1*, lacking cleavage at
the zymogen activation site, formed covalent complexes with multiple serpins and thus must
be catalytically active. In previous work, identifying proteases inhibited by serpin-4 and
serpin-5, HP1 was identified in a 90 kDa band, but no peptide from the pro-region was
identified by peptide fingerprint analysis (Tong et al., 2005). A difference in the current
study is that we reduced the sample with TCEP (a reducing agent stronger than DTT), which
may have led to more complete digestion of the alkylated proteins with trypsin, particularly
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in the clip domains, and we analyzed the resulting peptides on a significantly more sensitive
mass spectrometer.

Although proHP1* differs from a cleavage-activated SP, we expect that the serpins inhibit
the active zymogen via the same mechanism. As long as the carboxyl-terminal domain is in
the active conformation, it doesn’t seem to matter whether or not the amino-terminal clip
domains is attached by a peptide bond at the “cleavage activation site”. Despite that, an
unknown protein modulator in the hemolymph may still interact with the clip domain of
proHP1 and that provides specificity for the shift of proHP1 to proHP1*. Besides, such
conformation modulator has to somehow associate with pathogen infection or tissue damage
to ensure the defense response occurs only when needed.

The tight regulation of proHP1* formation suggests the importance of HP6. Factor X;-
cleaved M. sexta HP6x, converted proPAP1 to PAP1 for proPO activation in larval
hemolymph (An et al., 2009). The HP6x, also processed proHP8 to form HP8 for pro-
Spétzle and Toll pathway activation that induces AMP synthesis (An et al., 2010). The fact
that CPC-treated proHP1 (¥) hydrolyzed LDLHpNa led us to hypothesize that proHP1*
cleaves proHP6 /n vivoat LDLHVILGG (Yang et al., 2016). After establishing the existence
of active zymogen, we attempted to induce proHP1* /n vitro and test if it can directly
activate proHP6.

3.2. Exploration of mechanisms for generating proHP1* that may activate proHP6 by
cleaving at the correct site

Because cationic detergents (e.g. CPC, CTAB) induced an amidase activity of proHP1 v that
cut itself and proHP6 at a wrong site (Yang et al., 2016), we tested whether or not
endogenous AMPs induce proHP1 to correctly process proHP6. Like detergents, some
AMPs (e.g. cecropins, moricin) (He et al., 2015) are detergent-like, amphipathic a-helical
molecules that compromise the integrity of bacterial cell membrane. Incubation of M. sexta
moricin-1 with the two proHPs did not induce any proteolytic cleavage of proHP6 (Fig. 4A),
although this synthetic peptide has a positively charged tail. We then heated four hemolymph
samples at 95°C and harvested heat-stable molecules in the supernatants, hoping that a
mixture of endogenous AMPs would work better than moricin-1 alone. After proHP6 had
been incubated with proHP1 and heat-stable components of the plasma, there was no
proHP6 cleavage either (Fig. 4B).

We have tested other ways to convert proHP1 to proHP1*, such as crosslinking proHPla
with 5,6-dihydroxyindole (Zhao et al., 2011), incubating proHP1a with B1,3-glucan and
BGRP2 (Wang and Jiang, 2006) or with DAP-PG, MBP and PGRP1 (Wang and Jiang,
2017), and treating proHP1a with HP14 and a complex of SPH1 and SPH2. To our
disappointment, after further reacting these reaction mixtures with proHP6, the proenzyme
was not processed (data not shown). Apparently, the /n vitro assays failed to mimic the
conditions in plasma for proHP1a* generation.

Protease zymogens are often activated by other proteases in a cascade mode that results in
amplification or localization to specific sites. One exception to the rule includes initiation
proteases that activate themselves via auto-proteolysis (Davie et al., 1979; Stennicke et al.,
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1999; Wang and Jiang, 2006; Kobayashi et al., 2014). Another exception involves
staphylocoagulase, streptokinase, and, perhaps, other non-protease proteins secreted by
bacterial pathogens (Friedrich et al., 2003; Renatus et al., 1997), which bind and activate
precursors of thrombin, tissue-type plasminogen activator and other proteases, respectively.
While the proHP1-proHP1* transition in response to a physiological or pathological cue is
poorly understood, the above cases of zymogen activation by non-catalytic protein/subunit
provide useful insights for future exploration of proHP1* structure, function, and activation
mechanism.

3.3. Possible activation of proHP6 by Factor Xa-cleaved proHP1 mutant

After trying various ways to generate proHP1* without any success, we tested whether or
not artificially cleaved HP1 could activate proHP6 because, if yes, an unknown activating
enzyme may exist to cleave proHP1 under certain conditions and active HP1 can then be
used to confirm its putative role as a proHP6 activating enzyme. If not, the concept of active
zymogen would be further supported so that we can focus on finding other /in vitro
conditions for converting proHP1 to proHP1*. In either way, the experiment would inform
us how proHP1 is activated.

We designed and expressed proHP1 mutants by site-directed mutagenesis (Fig. 5A). The
four residues preceding the putative cleavage site A1QGR%4 in proHP1a and P151QGR1%4
in proHP1b were substituted with 1'°1EGR154, the recognition sequence of bovine clotting
factor Xa. Their apparent M;’s were close to 48 kDa (Fig. 5B), partly due to A-linked
glycosylation (Yang et al., 2016). The proHPlax, expression level and product purity were a
lot lower than proHP1by, under the same conditions of cell culturing and protein
purification (data not shown). Therefore, we had to use the purified proHP1byj, to test
conditions for Factor Xa cleavage and proHP6 activation by HP1bxa,.

As a control, we first tested if Factor Xa itself could cleave wild-type proHP6 and found that
Factor Xa effectively cut proHP6 at a molar ratio of > 1.6 : 1 (Xa : proHP6) and yielded two
major bands around 30 kDa (Fig. 6A). We also reacted the recombinant proHP1by, with
different amounts of Factor Xa and found that Factor Xa more efficiently cut proHP1bx, at a
molar ratio of = 1 : 1.5 (Xa : proHP1bx,) (Fig. 6B). In the presence of DTT, cleavage of
proHP1by, led to a decrease in the proenzyme band and increase of 30 kDa triplets (likely
due to differential glycosylation) and a 16 kDa band. Since all these species came together
as a part of the broad band with an apparent M of 40 kDa under non-reducing condition, we
suggested the 30 and 16 kDa bands corresponded to the catalytic and regulatory domains of
HP1 (Fig. 5A), respectively. We then tested whether or not Factor Xa-cleaved proHP1by,
was able to cleave proHP6. At the molar ratio of 1: 1: 0.8 (Xa : proHP1bx, : proHP6),
where Factor Xa is sufficient to activate proHP1by, but not proHP6, HP1by, did not activate
proHP6 at all (Fig. 6C, last lane). This result is consistent with our conclusion that it is
proHP1*, instead of HP1, which may cut proHP6 to form HP6 that generates HP8 and PAP1
to trigger the proPO and Toll pathways.
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3.4. Summary

As supported by results from this and the previous (Yang et al., 2016) studies, activation of
M. sextaproHP1, a member of the CLIPD subfamily, adopts an unusual approach: the
conformational change from inactive to active is not induced by proteolytic cleavage at the
specific activation site. This finding at least partly explained the difficulties experienced in
the last two decades during the functional analysis of HP1, as we did not even know what we
were looking for. While the nature of such change is still unclear at present, this
phenomenon is validated by thorough characterization of the 90 kDa SDS-stable complexes
of proHP1 with the endogenous serpins and the suicide inactivation mechanism of serpins.
The failure of proHP6 activation by artificially generated HP1b further supports the
mechanism. Otherwise, we need to demonstrate HP1* may activate proHP6 under certain
conditions and proHP1* may do so under other conditions. Future research is necessary to
first demonstrate the association of proHP6 activation in the proHP1-containing hemolymph
fractions before mechanistic research is performed to examine the conversion of proHP1 to
proHP1* upon recognition of invading microbes. More efforts will be made to explore other
conditions and their combinations to establish proHP1* as the activator of proHP6 /in vitro.
Identification of the seven serpins in the 90 kDa serpin-protease complexes clearly
demonstrated the importance of proHP1* in terms of system activation.
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Abbreviations

AMP antimicrobial peptide

BGRP1/2 B1,3-glucan recognition protein-1/2

DAP diaminopimelic acid

DHI 5,6-dihydroxyindole

MBP microbe binding protein

NP and IP cell-free hemolymph from naive or induced larvae
CPC cetylpyridinium chloride

DTT dithiothreitol

HP hemolymph (serine) protease

HP1 formerly hemocyte protease-1
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PO and proPO phenoloxidase and its precursor
PAP proPO activating protease
PGRP1 peptidoglycan recognition protein-1
SP and SPH serine protease and its non-catalytic homolog
TCEP tris(2-carboxyethyl)phosphine
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Highlights
. Detection of proHP1 in the SDS-stable complexes with unusually high M; of
90 kDa
. Identification of seven serpins as physiological regulators of active proHP1
. No proHP6 activation by proHP1b mutant cleaved at the designed activation
site
. ProHP1 can be activated without being cleaved.
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Fig. 1. Electrophoretic separation of the affinity purified M. sexta proHP1 and its associated
hemolymph proteins followed by Coomassie staining (A) or immunoblot analysis (B)

Protein samples from the HP1 antibody column, along with the plasma control, were
resolved by 10% SDS-PAGE and stained by Coomassie blue R-250. Proteins in the duplicate
gel were electro-transferred onto a nitrocellulose membrane for detection using polyclonal
HP1 antibodies and alkaline phosphatase-conjugated secondary antibodies. P, 1 pl plasma
sample before loading onto the affinity column; FT, 2 pl flow-through fraction; W1, 10 pl
washing fraction in 1 M NaCl; W2, 10 ul washing fraction in 20 mM sodium phosphate, pH
6.8; E1-E8, 10 pl elution fractions. As described in Section 2.3, a gel slice containing the 90
kDa band (in lanes E2 and E3), marked with a dashed box, was treated for LC-MS/MS
analysis. The proHP1 band is indicated by an arrow. Positions of the M, markers are shown
as short bars with their sizes marked on the /eft.
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Fig. 2. Ininiunoblot analyses of the affinity purified proteins separated by 10% SDS-PAGE under

reducing (A) and non-reducing (B) conditions and sequence alignment of the identified serpins

The E2 fraction (10 pl/lane) was treated with SDS sample buffer with (A) or without (B)
dithiothreitol (DTT) and separated by electrophoresis. After electro-transfer, the
nitrocellulose membrane blotted with the proteins was cut into strips which, after blocking,

were individually incubated with 1:1000 diluted antisera against M. sextaHP1, serpin-1, 3—
6, 9 or 13, as indicated under each strip. Positions and sizes (in kDa) of the A standards are
indicated. The 90 kDa SECs are indicated by red arrowheads. (C) Amino acid sequences of
the reactive site loop in serpin-1, 3-6, 9, 13, and 15B were aligned and the region that can be

cut by protease was shown. P1 amino acid was in red and bold font.
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Fig. 3. Mass spectrometric (MS) analysis of three trypsinolytic peptides in the clip domain and
linker region of M. sexta proHP1a

(A) Mass peaks corresponding to the peptides are displayed with their elution times on
nano-LC. The second and third peaks are lower in intensity and, therefore, shown in insets
with smaller scales on the y-axis. The m/z value and sequence of each peak are indicated.
(B) 2"d MS spectra of the peptides. Peaks for forward (red, b) and reverse (b/ue, y)
fragments were labeled with their order and number (e.g. y4 in the top panel means fragment
of the first 4 residues in reverse order, AT0QNR143),
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Fig. 4. Exploration of various conditions to generate proHP1* in vitro.

As described in Section 2.4, aliquots of proHP6 (1 ul, 100 ng/ul) were incubated with the
recombinant proHP1a (1 pl, 100 ng/pul) in the absence or presence of moricin (1 ul, 200 ng/
ul) (A) or supernatants (1 pl) of heated plasma (B) from naive (a, b) and immune challenged
(c, d) larvae at 37°C for 3 h. Prior to heat treatment and centrifugation, samples b and d were
stimulated by 5 pg/ul M. luteus for 10 min at 25°C. All the reaction mixtures and controls
(moricin, proHP1a, proHP6, proHP1a and proHP6, or proHP6 and supernatant a/b/c/d) were
separated by 10% SDS-PAGE followed by immunoblot analysis using HP6 polyclonal

antibodies.
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Fig. 5. Site-directed mutagenesis of proHP1 for in vitro activation by Factor Xa
(A) Domain structure and mutant design. Based on the conventional mechanism, an

unknown protease in M. sexta activates proHP1 via cleavage next to AQGR in proHP1a (not
shown) or PQGR in proHP1b. By changing the sequence to IEAR, active HP1 would be
generated by the commercially available enzyme that cuts after IEAR to activate proHP6.
(B) 12% SDS-PAGE followed by Coomassie staining or immunoblot analysis. Left lane:
purified proHP1b (1.0 pg) on the stained gel. Middle and right lanes: 0.2 pg total proteins on
the immunoblots detected using HP1 polyclonal antibodies. Positions and sizes of the M

markers are shown on the /eft.
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Fig. 6. Examination of proHP6 proteolytic processing by Factor Xa-treated proHP1bxs.
(A) Proteolysis of proHP6 by Factor Xa at different levels. As controls, aliquots of proHP6

(1 pl, 100 ng/ul) were incubated with 0 to 400 ng Factor Xa at 37°C for 90 min. After 12%
SDS-PAGE, immunaoblot analysis was performed using 1:1000 diluted HP6 antisera as the
primary antibody. (B) Cleavage of proHP1by, by Factor Xa. One pl of 150 ng/ul proHP1by,
was incubated with 1 pl Factor Xa at 0 to 400 ng at 37°C for 90 min, treated with SDS-
sample buffer with (/eft panel) or without (right panel) DTT, and separated by 12% SDS-
PAGE gel followed by immunoblotting using HP1 antibodies. The predicted 30 kDa
catalytic and 16 kDa regulatory domains are indicated with arrows. (C) Processing of
proHP6 by proHP1by, mutant and Factor Xa. The three proteins (50 ng each) were
incubated at 37°C for 90 min and separated by reducing SDS-PAGE. Diluted HP6 antiserum
was used for immunoblot analysis. Positions and sizes of the M, markers are indicated on
the /eft.
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