
Structural and Functional Characterization of a Highly
Specific Serpin in the Insect Innate Immunity*□S

Received for publication, May 11, 2010, and in revised form, September 27, 2010 Published, JBC Papers in Press, November 3, 2010, DOI 10.1074/jbc.M110.144006

Sun Hee Park, Rui Jiang, Shunfu Piao, Bing Zhang, Eun-Hye Kim, Hyun-Mi Kwon, Xiao Ling Jin, Bok Luel Lee1,
and Nam-Chul Ha2

From the College of Pharmacy and Research Institute for Drug Development, Pusan National University, Jangjeon-dong,
Geumjeong-gu, Busan 609-735, Republic of Korea

The Toll signaling pathway, an essential innate immune re-
sponse in invertebrates, is mediated via the serine protease
cascade. Once activated, the serine proteases are irreversibly
inactivated by serine protease inhibitors (serpins). Recently,
we identified three serpin-serine protease pairs that are di-
rectly involved in the regulation of Toll signaling cascade in a
large beetle, Tenebrio molitor. Of these, the serpin SPN48 was
cleaved by its target serine protease, Spätzle-processing en-
zyme, at a noncanonical P1 residue of the serpin’s reactive
center loop. To address this unique cleavage, we report the
crystal structure of SPN48, revealing that SPN48 exhibits a
native conformation of human antithrombin, where the reac-
tive center loop is partially inserted into the center of the larg-
est �-sheet of SPN48. The crystal structure also shows that
SPN48 has a putative heparin-binding site that is distinct
from those of the mammalian serpins. Ensuing biochemical
studies demonstrate that heparin accelerates the inhibition of
Spätzle-processing enzyme by a proximity effect in targeting
the SPN48. Our finding provides the molecular mechanism of
how serpins tightly regulate innate immune responses in
invertebrates.

Serine protease inhibitors (serpins) play essential roles in
the down-regulation of extracellular signals exerted by serine
protease proteolytic cascades (1, 2). In mammals, blood coag-
ulation is specifically activated by a serine protease cascade
and is tightly controlled by serpins (2). The reactive center
loop (RCL)3 of serpins acts as bait to capture the target serine
protease and is then cleaved at the P1 residue, forming an
acyl-intermediate complex with the target serine protease (3).
In the acyl-intermediate complex, serpins undergo dramatic
conformational changes, and the RCL is inserted into the cen-
tral strand of the largest �-sheet (sheet A), resulting in dis-
torting and inactivating the catalytic machinery of the prote-
ase (3–5).

Thrombin, the key enzyme responsible for converting fi-
brinogen to fibrin in the mammalian blood clotting cascade, is
mainly regulated by the target serpin human antithrombin (1,
6). Heparin can bind to both antithrombin and its target ser-
ine proteases, thrombin, factor Xa, and factor IXa, activating
antithrombin through allosteric and/or bridging mechanisms
(7, 8). In Drosophila, the Toll signaling pathway is triggered by
invading pathogens and is amplified in hemolymph (insect
blood) via the proteolytic cascade of the insect serine pro-
teases largely consisting of a clip domain and a serine protease
domain (9, 10). This pathway induces antimicrobial peptide
gene expression through activation of the NF-�B transcrip-
tion factor, and antimicrobial peptide then kills the pathogens
(9).
Four Drosophila serpins related to innate immunity

have been analyzed using genetic approaches (11, 12). Ne-
crotic is a serpin that inhibits the clip domain serine prote-
ase Persephone (13), and necrotic mutant flies constitu-
tively express the Toll signaling pathway (11). To date,
only the crystal structures of serpin 1K and 1B from the
tobacco hornworm, Manduca sexta are available among
insect serpins (14, 15), but their target proteases remain
unclear.
Our research group has solved structures and determined

the biological functions of serine proteases involved in insect
innate immunity (16–19). Recently, we identified three pairs
of serine proteases and serpins involved in the Toll signaling
pathway in the large beetle, Tenebrio molitor (19, 20). Of
these, we demonstrated that the Spätzle-processing enzyme
(SPE) can make a specific serine protease-serpin complex
with a 48-kDa serpin (SPN48). Because the RCL of serpin is
first recognized by the target serine protease, the RCL should
be a good substrate for the target protease (3). In most ser-
pins, the P1 residue of serpins is important for indication of
specificity of the target protease (21). However, the RCL re-
gion of SPN48 does not contain an arginine or lysine residue,
which is expected to be present as a target residue of trypsin-
like SPE. When the cleaved site of SPN48 by activated SPE
was determined biochemically, SPN48 was cleaved after the
noncanonical P1 glutamic acid (Glu-353) of the RCL region
(20).
To gain insight into how this SPN48 achieves specific

reactivity to the target protease SPE in the innate immune
response, we performed biochemical and structural studies
on SPN48 with regard to the target serine protease SPE.

* This work was supported by Bio-Scientific Research Grant PNU-2008-
0596-000 from Pusan National University (to N. C. H.).

□S The on-line version of this article (available at http://www.jbc.org) con-
tains supplemental Table S1.

The atomic coordinates and structure factors (code 3OZQ) have been deposited
in the Protein Data Bank, Research Collaboratory for Structural Bioinformat-
ics, Rutgers University, New Brunswick, NJ (http://www.rcsb.org/).

1 To whom correspondence may be addressed. E-mail: brlee@pusan.ac.kr.
2 To whom correspondence may be addressed. E-mail: hnc@pusan.ac.kr.
3 The abbreviations used are: RCL, reactive center loop; SPE, Spätzle-pro-

cessing enzyme.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 2, pp. 1567–1575, January 14, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

JANUARY 14, 2011 • VOLUME 286 • NUMBER 2 JOURNAL OF BIOLOGICAL CHEMISTRY 1567

http://www.jbc.org/cgi/content/full/M110.144006/DC1
http://www.pdb.org/pdb/explore/explore.do?structureId=3OZQ


EXPERIMENTAL PROCEDURES

Overexpression, Purification, and Site-directedMutagenesis—
Overexpression and purification of recombinant SPN48 (resi-
dues 17–389) using a bacterial expression system were re-
ported previously (22). To construct SPN48 mutants, DNA
fragments encoding mutant SPN48 proteins were created us-
ing the overlap extension PCR method. The resulting PCR
DNA was digested with NdeI and HindIII and ligated into the
same sites in a modified vector from pPROEX-HTA (Invitro-
gen) in which the NcoI site was replaced with NdeI. To con-
struct wild-type (residues 336–361) and mutant RCL-linker
(E353K), DNA fragments encoding SPN48 RCL (residues
336–361) were amplified by PCR. The resulting PCR DNA
was digested with BamHI and EcoRI and ligated into the same
sites of the pGEXTEV-MliC vector, which expresses the N-
terminal GST protein, C-terminal Pseudomonas aeruginosa
MliC protein, and the tobacco etch virus protease cleavage
site between the two proteins (23). The resulting vector con-
tains the RCL instead of the tobacco etch virus protease cleav-
age site between the GST tag and P. aeruginosaMliC. The
Linker-RCLs were purified using glutathione-agarose resins.
To construct SPE, the clip domain (residues 19–84) and the
serine protease domain (residues 85–385) were ligated into
EcoRI and XhoI sites of pGEX-TEV vector. The sequences of
the used primers in the DNA construction are listed in sup-
plemental Table S1.
Crystallization, Data Collection, and Structure Determina-

tion of SPN48—The crystallization of SPN48 and data collec-
tion were described previously (22). Initial phases were calcu-
lated from a molecular replacement programMOLREP (24)
solution obtained using �1-antitrypsin (Protein Data Bank
entry 3CWL) (25) using a search model. The resulting map
revealed traceable electron density for the SPN48 molecule.
The model was built in the program COOT (26). The struc-
ture was refined in the program CNS (27) and was further
refined using PHENIX.REFINE (28). Another crystal grown in
a reservoir solution (13% polyethylene glycol 8000 and 0.11 M

MES (pH 6.0)) was obtained, from which a 1.9-Å resolution
dataset with similar cell dimensions was collected. The final
coordination of SPN48 was calculated by refining against this
higher resolution dataset. Crystallographic data statistics are
summarized in Table 1. Structure presentations were gener-
ated using PyMOL (29).
Amidase and Protease Activity Assays—Active SPE was ob-

tained as described previously (20), and thrombin and trypsin
were purchased from Sigma. The amidase activities of active
SPE, thrombin, and trypsin were measured using a fluorescent
substrate as described previously (19). The amidase activity of
each sample was measured as the fluorescence intensity with
excitation and emission wavelengths of 380 and 460 nm, re-
spectively. To measure the protease activity of SPE and
thrombin toward wild-type or the mutant RCL linker, 5 �g of
the RCL linker protein was incubated with 0.15 �g of SPE or
25 units of thrombin at 30 °C for 2 h in buffer containing 20
mM Tris (pH 8.0) and 150 mM NaCl, and then resolved by
SDS-PAGE.

Western Blot Analysis—Equal amounts of proteins were
resolved by 15% SDS-PAGE and subsequently transferred
onto a polyvinylidene difluoride (PVDF) membrane, which
was pre-equilibrated in methanol. The membrane was
blocked for 1 h with 3% skim milk in TBST (50 mM Tris,
150 mM NaCl, 0.05% Tween 20 (pH 8.0)) buffer, then incu-
bated with anti-SPN48 antibody (20) (1:500) in 1% skim
milk at 4 °C for about 12 h, and then washed three times
with TBST. The membrane was then incubated with sec-
ondary antibody (anti-rabbit antibody) for 2 h at room
temperature, and the SPN48 protein band was visualized
by WEST-ZOL reagent (iNtRON, Korea) according to the
manufacturer’s instructions.
Heparin Binding Assay—Approximately 200 �g of each

SPN48 protein was loaded onto a Hitrap-heparin column (1
ml; GE Healthcare) equilibrated with 50 mM Tris buffer (pH
7.5) containing 3 mM EDTA. The samples were eluted with a
gradient of 0 to 1 M NaCl in 50 mM Tris buffer at a flow rate of
1.0 ml/min with detection at A280. The concentration of NaCl
was monitored by a conductivity meter in the Acta FPLC sys-
tem (GE Healthcare).
In Vitro Binding Assay—GST-fused SPE clip domain (GST-

clip) or GST-fused SPE serine protease domain (GST-SP) pro-
tein was bound to glutathione-coupled agarose resin. Equal
amounts of hexahistidine-tagged SNP48 protein were added
to both the GST-clip-bound resin and the GST-SP-bound
resin in PBS (final 50 �l). The reaction mixtures were incu-
bated for 1 h at 4 °C, washed with PBS, then centrifuged at
3000 rpm for 10 s, and further washed three times with RIPA
buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Nonidet
P-40, 0.5% deoxycholate, and 0.1% SDS).

RESULTS

SPN48 Is Highly Specific to SPE—To investigate the role of
the noncanonical motif in the SPN48 RCL, the inhibitory ac-

TABLE 1
X-ray data collection and refinement statistics

Data set
Source Beamline 4A at PLS
Wavelength 1.0000 Å
Resolution limit 50 to 1.9 Å (1.93 to 1.90 Å)a
Space group P21
Unit cell a � 66.3, b � 43.0, c � 66.0 Å,

� � � � 90°, � � 105.1°
Redundancy 6.7 (3.4)a
Rsym 5.4% (27.6%)a
Completeness 97.4% (89.9%)a

Refinement
Resolution range 30 to 1.9 Å
R-factor 22.3%
Rfree

b 27.8%
Average B value 49.5 Å2

r.m.s.d.c for bonds 0.008 Å
r.m.s.d. for angles 1.093°
Total no. of atoms
No. of protein atoms 2890
No. of water atoms 105
No. of metal atoms 0

Ramachandran plot
Most favored regions 298 (90.6%)
Additional allowed regions 28 (8.5%)
Generously disallowed region 3 (0.9%)
Disallowed region 0 (0.0%)

a The numbers in parentheses are statistics for the highest resolution shell.
bRfree was calculated with 10% of the data.
c r.m.s.d., root mean square deviation.
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tivities of SPN48 on SPE, thrombin, and trypsin were mea-
sured using wild-type SPN48 and mutant SPN48 (E353K),
which has the canonical sequence of SPE after substitution of
the P1 glutamic acid residue (Glu-353) with a lysine residue.
As shown in Fig. 1A, wild-type and mutant SPN48 (E353K)
inhibited the amidase activity of SPE but not of thrombin and
trypsin, and it is therefore distinct from other serpins, such as
serpin 1K and Necrotic, which can inhibit chymotrypsin or
trypsin (14, 30). Interestingly, the mutant SPN48 (E353K)
showed a stronger inhibitory effect on SPE than the wild-type
SPN48 (Fig. 1A), indicating that the noncanonical P1 Glu-353
residue is not optimal for the inhibition of SPE.

To further analyze the above result, Western blotting was
performed with anti-SPN48 antibody. Wild-type SPN48 was
resistant to proteolysis by thrombin and was degraded by
trypsin without forming a complex, which is distinct from the
complex formation of SPN48 and SPE. The mutant SPN48
(E353K) failed to form a complex with trypsin and thrombin
even though the serpin was specifically cleaved probably at
the mutated Lys residue (Fig. 1B). This result indicates that
the noncanonical P1 residue of SPN48 may be important
for the specificity in inhibition of SPE.
To test this idea, we co-incubated SPE and thrombin with

wild-type or mutant SPN48, and we measured the inhibitory

FIGURE 1. Specific activity of SPN48. A, inhibitory effects of the wild-type and E353K SPN48 (400 ng each) on SPE, thrombin, and trypsin (100 ng each)
were monitored by the amidase activity. The amidase activity of each protease was measured in the presence of wild-type SPN48 based on the fluores-
cence intensity liberated from the product. The peptide t-butyloxycarbonyl-Val-Pro-Arg-4-methylcoumaryl-7-amide was used as a substrate for SPE and
thrombin, whereas the peptide t-butyloxycarbonyl-Phe-Ser-Arg-4-methylcoumaryl-7-amide was used for trypsin. Before measuring the amidase activities,
the reaction mixtures were incubated for 4 h at 30 °C. Each experiment was performed in triplicate, and the standard deviations are shown as error bars.
B, complex formation of wild-type and E353K SPN48 (400 ng each) with SPE (200 ng), thrombin (2 units), and trypsin (200 ng). The reaction mixtures were
incubated for 30 min at 30 °C (for SPE) or 37 °C (for trypsin and thrombin) and then were subjected to SDS-PAGE and subsequent Western blotting using
anti-SPN48 antibody. When SPN48 inactivates the target serine protease, a high molecular weight SDS-stable complex is formed with the target protease,
as indicated. Alternatively, SPN48 is cleaved at the P1 residue without inactivating the target protease or is degraded, as indicated. C, comparison of wild-
type SPN48 with the mutant SPN48 (E353K) in the specific inhibition of SPE in the presence of a nontargeting protease thrombin. Wild-type SPN48 (wt
SPN48) forms a complex with SPE without being affected by thrombin, whereas thrombin severely interfered with the mutant SPN48 (E353K). The SPN48
was visualized by immunoblotting with anti-SPN48 antibody.
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activity of each serpin. SPE was efficiently inhibited by wild-
type SPN48 even in the presence of thrombin (Fig. 1C). In
contrast, the mutant SPN48 (E353K) was cleaved at the mu-
tated Lys residue by thrombin, and thus its inhibitory activity
on SPE was abolished (Fig. 1C). Taken together, our finding
suggests that the noncanonical P1 residue of SPN48 plays a
crucial role in the prevention from the cleavage of SPN48 by
the nontargeting serine protease, enhancing the specific reac-
tivity of the serpin.
Structure Determination and Overall Structure of SPN48—

To gain insight into the unique properties of SPN48, we de-
termined the crystal structure of SPN48. The mature form of
SPN48 was expressed in Escherichia coli and was successfully
crystallized (22). The crystal structure of SPN48 was deter-
mined by the molecular replacement method using �1-anti-
trypsin as a search model (25). The final 1.9-Å resolution
model contains residues 17–389 with 105 water molecules
(Fig. 2A), whereas residues 348–356 are disordered in the
crystal.
The overall structure of SPN48 exhibits a typical serpin

fold, revealing that SPN48 is most closely related toM. sexta
serpin 1K and human antithrombin. SPN48 was superim-
posed withM. sexta serpin 1K with a root mean square devia-
tion of 1.08 Å (between 271 C� atoms; Fig. 2B) and with hu-
man antithrombin with root mean square deviation of 1.51 Å
(between 274 C� atoms; Fig. 2C). In particular, the overall
RCL position of SPN48 is most similar to that ofM. sexta ser-
pin 1K, which is distinguished from that of other mammalian
serpins (Fig. 2, B and C).
Native Conformation of SPN48, Similar to Antithrombin—

The crystal structure of SPN48 revealed a subtle but impor-
tant difference in the conformation of the N-terminal region
of RCL (so-called hinge region) compared with those of other
serpins, except for antithrombin. The N-terminal portion of
RCL was partially inserted into sheet A forming the fourth
strand in sheet A (Fig. 2A), as observed in the native confor-
mation of antithrombin (31, 32). The native conformation of
antithrombin is distinct from the canonical structure of
active �1-antitrypsin and M. sexta serpin 1K, where the
RCL is fully exposed without forming the fourth strand in
sheet A. In the native conformation of antithrombin, the
length of the RCL is reduced because of the partial inser-
tion into sheet A, which may account for the poor inhibi-
tory activity of antithrombin on factor Xa and IXa (33, 34)
in the absence of heparin. However, antithrombin can effi-
ciently inactivate thrombin in the native conformation
(35), which suggests that the native conformation of anti-
thrombin confines the inhibitory activity on thrombin.
Likewise, the RCL conformation of SPN48 may contribute
to the specific inhibitory activity of SPN48 on SPE as a
tight regulator of the innate immune responses.
Highly Exposed RCL of SPN48 and Suboptimal Substrate for

SPE—The sequence of RCL (P4–P1�) recognized by SPE was
disordered in the crystal structure of SPN48, which may re-
flect the intrinsic flexibility of the RCL of SPN48. Because
there was no conformational restraint in the protease-recog-
nized sequence, we analyzed the proteolytic susceptibility of
only RCL region in the absence of the main body of the ser-

pin. The RCL regions (residues 336–361) from the wild-type
and E353K mutant were inserted between two arbitrarily se-
lected proteins as a linker (Linker-RCL; Fig. 3A) to mimic the
peptide substrates but to exclude the role of the main body of
the serpin.

FIGURE 2. Overall structure of SPN48. A, ribbon representation of the
SPN48 structure. The RCL is shown in green. Helices are in cyan; helix D is in
purple, and helix I is in blue. Sheet A is shown in magenta, and sheets B and
C are in yellow and orange, respectively. B, superposition of SPN48 (green
RCL and magenta elsewhere) and serpin 1K (gray RCL and lime elsewhere)
using C� atoms. Structural superposition was carried out using PyMOL (29).
C, superposition of SPN48 (green RCL and magenta elsewhere) and anti-
thrombin (cyan RCL and orange elsewhere) using C� atoms. Structural su-
perposition was carried out using PyMOL (29). D, stereo representation of
the hinge region of SPN48 with the electron density map. 2FoFc electron
density map is contoured at 1.0� level.
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As shown in Fig. 3B, wild-type Linker-RCL was not cleaved
by SPE and thrombin, whereas the mutant Linker-RCL
(E353K) was cleaved by SPE and thrombin. This observation
indicates that the wild-type RCL cannot be recognized by the
proteases without the main body of the serpin and that the
mutant RCL with the canonical P1 residue is readily recog-
nized by both the target protease SPE and a nontargeting pro-
tease thrombin. The sequence alignment of the SPN48 RCL
with the cleavage sites from the SPE substrates Spätzle and
pro-phenol oxidase shows that the RCL region has similarity
at the P3 residue (Fig. 3C), suggesting that the P3 residue fits
the active site of SPE even though the P1 residue is also im-
portant. This result indicates that the RCL is a suboptimal
substrate of the target serine protease SPE that could not be
recognized by the target protease without the main body of
the serpin.
Putative Heparin-binding Site of SPN48 Differs from That of

Antithrombin—Because SPN48 was bound to heparin-cou-
pled resin during the purification from the insect hemolymph
(20), we confirmed the heparin binding ability of SPN48 (Fig.
4A). However, sequence alignment with human antithrombin
revealed that the lysine residues at the classical heparin-bind-
ing site of antithrombin are not conserved in SPN48, suggest-
ing that the heparin-binding site of SPN48 may differ from
the classical heparin-binding site (Fig. 4B). In antithrombin,
the classical heparin-binding site is linked to the helix D ex-
tension that is responsible for maintaining the native confor-
mation; helix D moves and expels the hinge region of the RCL
from sheet A upon heparin binding (8, 33).
Structural analysis of SPN48 revealed that several lysine

residues are clustered on the surface of a lower part of SPN48,

suggestive of a putative heparin-binding site (Fig. 4C). The
lysine cluster of SPN48 is located at the opposite face (helix I)
to the classical heparin-binding site, which is distinct from the
classical heparin-binding region of antithrombin and plas-
minogen activator inhibitor, and heparin cofactor II (36). A
mutant SPN48 protein harboring alanine substitutions at four
lysine residues at helix I showed a reduced heparin binding
ability (Fig. 4A), suggesting that helix I might serve as a hepa-
rin-binding site of SPN48.
Roles of Heparin and Calcium Ion in SPE Inhibition by

SPN48—Given the heparin binding ability and functional sim-
ilarity of SPN48 with antithrombin, we examined the involve-
ment of heparin in the function of SPN48. Native full-length
heparin accelerated the SPN48 inhibition of SPE (Fig. 5A),
whereas a commercially available heparin pentasaccharide
(fondaparinux), which has anti-coagulation activity in mam-
malian blood (37), did not alter the reactivity of SPN48. An-
other low molecular weight heparin (15-saccharide with mo-
lecular mass of �5000 Da) also did not affect the SPN48
activity like the heparin pentasaccharide. These results show
that heparin enhances the reactivity of SPN48 with SPE de-
pending on the length of the heparin chain. This dependence
on the length of heparin chain was observed in the case of
antithrombin and thrombin (38). Because only long chain
heparin, which can combine the serpin and serine protease
simultaneously, increased the reactivity of the serpin, our
findings suggest that heparin plays only a bridging role. In
these experiments, it can be excluded that heparins activate
the enzyme by inducing the conformational change of SPE,
because any heparin did not increase the proteolytic activity
of SPE on Linker-RCL (E353K) (Fig. 5B). Consistently, the
heparin-binding site of SPN48 is not linked to helix D induc-
ing a conformational change in the RCL. Furthermore, we
failed to observe any conformational change of SPN48 by the
addition of heparins using fluorescence and circular dichro-
ism spectra from the protein (data not shown).
Calcium ion is known to promote heparin bridging of anti-

thrombin and factor IXa (39). We next examined the calcium
ion effect in the SPN48 inhibition of SPE. As shown in Fig. 5C,
calcium ion increased SPN48 reactivity with SPE only in the
presence of heparin as observed in antithrombin and factor
IXa (39). Like heparin, calcium ion did not show any conclu-
sive evidence for the conformational change of SPN48 (data
not shown). Thus, calcium ion might be involved only in the
heparin binding and not in the conformational change of
SPN48.
Intrinsic Affinities of SPE to SPN48—The Clip domains of

some serine proteases of insects have been implicated in the
involvement of the specific activation of the clip domain-me-
diated proteolytic cascades, such as Toll signaling and mela-
nin-synthesis pathways (16, 17). To gain a clue of the role of
the clip domain of SPE in the inhibition by SPN48, the clip
domain and the serine protease domain of SPE were sepa-
rately expressed as GST fusion proteins, and GST pulldown
experiments were then performed. The result showed that
both the clip domain and the serine protease domain exhib-
ited an affinity to SPN48 (Fig. 6). Because the serine protease
domain was in a zymogen form, the affinities from both do-

FIGURE 3. Intrinsic flexibility of the SPN48 RCL region. A, domain struc-
ture of linker-RCLs. The RCL region of SPN48 is inserted in the GST and P.
aeruginosa MliC proteins. B, protease activity of SPE and thrombin on wild-
type and mutant linker-RCLs. Wild-type or mutant linker-RCL was used as a
substrate for thrombin or SPE for the specified time at 30 °C. Although the
wild-type protein (wt Linker-RCL) remained uncleaved, the mutant protein
(Linker-RCL (E353K)) was gradually degraded by both proteases. C, sequence
alignment of SPN48 RCL and the SPE substrates T. molitor prophenol oxi-
dase (Tm-pro-PO) and Spätzle around the cleavage sites, indicated by an
arrow. Because T. molitor Spätzle has not been cloned, its homologue Tribo-
lium castaneum Spatzle (Tc-Spatzle) was used instead.
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mains to SPN48 should result from noncovalent bonds. Our
finding suggests that these noncovalent interactions might be
involved in cognate recognition of SPN48 with the target ser-
ine protease.

DISCUSSION

Elaborate regulation of the activation and inhibition of ser-
ine protease-mediated innate immune response is needed to
prevent damage to the host (40). Serpins are responsible for
the inhibition of serine proteases both in blood coagulation
and innate immune responses. In this study, we determined
the crystal structure of the insect serpin SPN48, which exhib-
its an unusual specificity for the target protease SPE. It should
be noted that there is no lattice contact on the RCL region of
SPN48. In most crystal structures of serpins, the RCL confor-
mation was constrained by the lattice interaction. Thus, the
crystal structure of SPN48 might better reflect the conforma-
tion of serpin in solution.
Furthermore, subsequent biochemical analyses suggested a

putative heparin-binding site and demonstrated its role in
enhancing the inhibitory activity of SPN48 in collaboration
with calcium ion mainly through the bridging mechanism.
Some serpins have noncanonical P1 residues, for example,
kallistatin, a serpin against tissue kallikrein (41, 42), and pro-
tein Z-dependent protease inhibitor, a serpin against mem-
brane bound factor Xa (43). However, the role of the nonca-
nonical P1 residue remains unclear. Biochemical studies of
SPN48 offered further insight into a novel strategy of serpins
for selecting their target serine protease. The noncanonical P1
Glu-353 residue of SPN48 showed a reduced reactivity on
SPE, compared with the mutant SPE with a canonical P1 resi-
due. However, the wild-type SPN48 with the noncanonical P1
residue showed the inhibitory activity only on the target ser-
ine protease SPE, whereas the mutant SPE (E353K) showed a

FIGURE 4. Heparin-binding site of SPN48. A, heparin binding capacity of wild-type and mutant SPN48. The heparin binding activity of wild-type and mu-
tant SPN48 4KA (K293A/K294A/K297A/K298A) was assessed by heparin-affinity chromatography. The SPN48 protein peak was confirmed by Western blot-
ting (data not shown). B, sequence alignment of SPN48 with antithrombin, focusing on the residues at the classical heparin-binding site in antithrombin.
The lysine or arginine residues involved in heparin binding are indicated by a shaded box (33, 35). Of six residues, only two residues are conserved in SPN48.
C, putative heparin binding region of SPN48. All lysine or arginine residues of SPN48 are displayed with secondary elements shown in gray. Helix I, which is
located on a surface opposite Helix D, contains Lys-293, Lys-294, Lys-297, and Lys-298, indicated by a dotted circle.

FIGURE 5. Heparin and calcium effects on SPE inhibition by SPN48. A, hepa-
rin effect on SPE inhibition by SPN48 depending on the length of heparin. Full-
length heparin accelerated the inhibitory activity of SPN48, whereas pentasac-
charide unit of heparin (fondaparinux) and low molecular weight heparin
(LMWH, �15-saccharide unit) did not affect SPN48 activity. SPE (300 ng), SPN48
(600 ng), full-length heparin (200 ng), fondaprinux (200 ng), or low molecular
weight heparin (200 ng) were used in this experiment in 50 mM Tris-HCl (pH 7.5)
containing 100 mM NaCl. Amidase activity of SPE was measured after 2 h of
incubation at 30 °C. B, heparin does not affect the proteolytic activity of SPE.
Both full-length heparin (200 ng), pentasaccharide heparins (fondaparinux; 200
ng), and low molecular weight heparin (200 ng) did not cause a marked change
in the enzymatic activity of SPE. The wild-type and the mutant (E353K) Linker-
RCL (25 �g each) were used as substrates for SPE (50 ng) in 50 mM Tris-HCl (pH
7.5) containing 5 mM CaCl2. C, synergistic role of heparin and calcium ion on the
inhibition of SPE by SPN48. The amidase activity of SPE was measured using the
fluorescent peptide after 1 h of incubation at 30 °C. SPE (300 ng), SPN48 (600
ng), 5 mM CaCl2, and/or full-length heparin (200 ng) were used in 50 mM Tris-
HCl (pH 7.5).

FIGURE 6. Interaction between SPE and SPN48. Bound SPN48 was pulled
down by GST-fused SPE clip domain (GST-clip) or GST-fused SPE serine pro-
tease domain (GST-SP), which was immobilized in glutathione-coupled
resin. The bound SPN48 was immunoblotted (top panel), and the GST-fused
proteins were immunoblotted (IB) (bottom panel).
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broad specificity. Our findings suggest that the noncanonical
P1 residue prevents unwanted cleavage by a nontargeting ser-
ine protease that has substrate specificity similar to the target-
ing serine protease. In the insect hemolymph, many kinds of
serine proteases are present, some of which exhibit a similar
specificity to SPE. Because SPN48 is constitutively present in
hemolymph, SPN48 would be nonspecifically cleaved and
broken down by the SPE-like proteases, which might be
harmful to the host. Thus, the noncanonical P1 residue of
SPN48 contributed to the unusual specificity of SPN48.
It is interesting that SPE was not able to cleave the RCL of

SPN48 without the main body of SPN48, although the full-
length SPN48 can inhibit SPE. This observation suggests that
a specific interaction between the main body of SPN48 and
the SPE, i.e. an exosite interaction, might be required to en-
hance the enzymatic activity of SPE on the suboptimal sub-
strate of the RCL. Supporting this idea, we observed that both
the clip domain and the serine protease domain exhibited an
affinity for SPN48. This observation indicates that the clip
and/or serine protease domain of SPE might provide an ex-
osite for the recognition of the cognate serpin. Rapid exosite-
mediated inhibition is observed in the case of antithrombin
with thrombin, factor Xa, or factor IXa (35, 44). It is notewor-
thy that the clip domain also plays a crucial role in the specific
activation of the serine protease. We previously reported that
the clip domain of PPAF-I, an SPE homologue (17), played an
important role in the activation of pro-phenol oxidase activat-
ing factor-I (PPAF-I) by the upstream protease in a large bee-
tle, Holotrichia diomphalia (16). Taken together, our findings
suggest that specific recognition by SPN48 is achieved by con-
triving a noncanonical P1 residue and exosite-mediated cog-
nate interaction with the target protease.
In conclusion, we have presented the three-dimensional

structure of SPN48, which specifically inhibits SPE via a non-
canonical cleavage of RCL. The heparin binding ability and
clip domain of SPE were biochemically analyzed with bound
calcium and the highly exposed activation loop (17). Based on
the structure, heparin binds SPN48 with a different region
than human antithrombin, and heparin binding dramatically
enhances the inhibitory activity toward SPE. We have also
proposed a plausible explanation of the molecular regulation
of the innate immune response by the insect serpin. Finally,
our finding provides new insight into how serpins are tightly
regulated at a molecular level in various biological processes.
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