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Grass is a clip domain serine protease (SP) involved in a pro-
teolytic cascade triggering the Toll pathway activation of Dro-
sophila during an immune response. Epistasic studies position it
downstream of the apical protease ModSP and upstream of the
terminal protease Spaetzle-processing enzyme. Here, we report
the crystal structure of Grass zymogen. We found that Grass
displays a rather deep active site cleft comparable with that of
proteases of coagulation and complement cascades. A key dis-
tinctive feature is the presence of an additional loop (75-loop) in
the proximity of the activation site localized on a protruding
loop. All biochemical attempts to hydrolyze the activation site of
Grass failed, strongly suggesting restricted access to this region.
The 75-loop is thus proposed to constitute an original mecha-
nism to prevent spontaneous activation. A comparison of Grass
with clip serine proteases of known function involved in analo-
gous proteolytic cascades allowed us to define two groups,
according to the presence of the 75-loop and the conformation
of the clip domain. One group (devoid of the 75-loop) contains
penultimate proteases whereas the other contains terminal pro-
teases. Using this classification, Grass appears to be a terminal
protease. This result is evaluated according to the genetic data
documenting Grass function.

Some biological processes such as blood coagulation in
mammals or development and immune responses in inverte-
brates occur after the amplification of a recognition signal by
serine proteases (SP)” that are organized in cascades (1, 2).
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These SPs are characterized by a modular organization com-
prising a C-terminal catalytic domain and one or several N-ter-
minal domains (CUB, EGF-like, LDL, CCP, or clip) and are
activated in a very specific order. The SPs and SP homologs
(SPHs are SPs where the catalytic triad is mutated) that contain
one or more clip domains are called clip-SPs and clip-SPHs.
The clip domain, which is found in the N-terminal position,
consists of 35-55 residues including six strictly conserved cys-
teines arranged in three disulfide bonds. The clip and the cata-
lytic domains are connected by a linker containing at least one
cysteine, which is involved in an interdomain disulfide bond
with a cysteine of the SP domain (1). The activation site of
clip-SPs is located between the linker and the catalytic domain.
After activation of the zymogen, the clip and SP domains
remain linked by the interdomain disulfide bond (1).

Clip-SPs were first described for their role during Drosophila
embryonic development, where they control the initiation of
the dorso-ventral polarity (3). In early embryonic development,
a ventral signal triggers the activation of a proteolytic cascade
comprising a multidomain protease (gastrulation-defective,
GD) and two clip-SPs, Snake and Easter. GD (4) converts
Snake into its active form, which then activates Easter, the ulti-
mate protease in the cascade. Easter then processes Spaetzle
into the active ligand of the Toll receptor (5) (Fig. 1).

To date, clip-SPs have only been identified in invertebrates.
In addition to their role in controlling development, several
members of the family have been shown to be involved in the
activation of immune processes, including melanization via the
phenoloxidase system and the production of antimicrobial
peptides.

Drosophila has proved to be a powerful genetic model system
for unraveling the role of the Toll receptor in the control of
antimicrobial peptide synthesis following fungal and Gram-
positive bacterial infection. However, none of the SPs described
earlier for their role in the embryonic development appears to
be required for the accomplishment of the immune function of
Toll. The current model proposes that the detection of micro-
bial motifs by appropriate pattern recognition receptors (PRRs)
such as PGRP-SA, PGRP-SD, GNBP1, and GNBP3 triggers pro-
teolytic cascades ending with the cleavage of Spaetzle and the
subsequent activation of the Toll pathway.

tor; proPO, prophenoloxidase; PRR, pattern recognition receptor; SPE,
Spaetzle-processing enzyme; SPH, serine protease homolog; Tm, Tenebrio
molitor.
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FIGURE 1. Current knowledge of the proteolytic cascades involving clip-
SPs, as described in the literature. The figure depicts the proteolytic cas-
cades of the development and immunity. Left, development in D. melano-
gaster (D.m. dev.) (3). Center, immunity in D. melanogaster (D.m.immun.) (8, 9).
Right, immunity in T. molitor (T.m.) (12) and in M. sexta (M.s.) (15). Arrows indi-
cate experimentally verified direct links. Dashed arrows indicate steps that
have not been experimentally verified or in which components of the path-
way have not been identified.

At present, two clip-SPs, namely Spaetzle-processing en-
zyme (SPE) and Grass, have been demonstrated to participate
in this cascade (6, 7). SPE was characterized as the functional
equivalent of Dm-Easter, in vivo and in vitro as it processes
Spaetzle (6). Grass was identified in the course of an exploratory
in vivo RNAI study for the Toll pathway activation and was
shown to be specifically associated with signaling in response to
Gram-positive infection (8). However, a genetic study using a
null mutant of Grass demonstrated that it defines a common
protease cascade downstream of the fungal and bacterial pat-
tern recognition receptors (7). More precisely, Grass mutant
flies were susceptible to infection by the Gram-positive bacteria
Enterococcus faecalis and by the fungus Beauveria bassiana.
Grass overexpression in transgenic flies induces a constitutive
activation of the Toll pathway that is abolished in SPE mutant
flies. Overexpression of both GNBP1 and PGRP-SA also
induces the activation of the Toll pathway, which is blocked in
Grass mutant flies. A similar result was obtained when overex-
pressing GNBP3 alone. Taken together, these data suggest that
Grass functions downstream of PRRs and upstream of SPE.

In addition to the clip-SPs, a multidomain serine protease,
ModSP, was recently identified to be involved in Toll pathway
activation (9). Based on epistasic analyses, ModSP was pro-
posed to be the apical SP functioning downstream of the PRRs
and upstream of Grass. Additionally, Kambris et al. reported
the importance of one clip-SP named spirit and of the SPHs
spheroide and sphinx1/2 for the activation of Toll pathway after
a fungal or a bacterial infection (8).

Finally, a clip-SP activated independently of PRR named
Persephone was identified by an ethylmethanesulfonate-in-
duced mutation screen. Persephone was shown to be involved
in response to a fungal infection (10). However, Persephone
does not sense fungal molecular patterns downstream of
GNBP3; rather, it was more recently proposed that Persephone
senses the proteolytic activities elicited by both fungi and
Gram-positive bacteria (7, 11).

Despite the accumulating genetic data, the current model of
Drosophila Toll activation is still fragmentary (Fig. 1). In partic-
ular, no direct link could be established between any of the
proteases. Complementary approaches at molecular and bio-
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chemical levels are necessary. However, the isolation of pro-
teases for further ex vivo molecular studies is hampered by the
small size of Drosophila adults. Insects of larger size and of
easily extractable hemolymph, such as Bombyx mori, Manduca
sexta, and Tenebrio molitor, are better choices for biochemical
characterization (12-17). In particular, proteases and PRRs
have been isolated from 7. molitor, and a signaling cascade trig-
gering the Toll activation has been reconstituted in vitro. It is
composed of an apical modular SP named Tm-MSP and two
clip-SPs, Tm-SAE and Tm-SPE. Tm-SPE cleaves Spaetzle in
vitro (12, 13) (Fig. 1). In M. sexta, a three-step cascade has also
been described for the prophenoloxidase (proPO) activation:
HP14, a modular SP similar to Tm-MSP and Dm-ModSP, acti-
vates the clip-SP HP21, which in turn activates two clip-SPs,
PAP2 and PAP3 (Fig. 1).

To date, the detailed molecular mechanisms underlying such
cascades have yet to be elucidated. Only two crystal structures
have been published. They document the proPO activation in
the insect Holotrichia diomphalia. The first structure is that of
an inactive SPH named PPAF-I], acting as a cofactor of proPO
(18). The second structure is that of the catalytic domain of a
proPO-activating enzyme, PPAF-], that cleaves the proPO into
smaller inactive forms (19).

We recently undertook a systematic structural characteriza-
tion of the extracellular components identified in the activation
of the Drosophila Toll receptor (20, 21). In this context, we
determined the crystal structure of the clip-SP Grass, in its
zymogen form, which represents the first structure of a full-
length clip-SP. A detailed analysis was achieved to provide
functional significance, and we propose a structure-based clas-
sification of the clip-SPs. This enables us to predict the position,
penultimate or terminal, of any clip-SP within a cascade. Using
this approach, we propose a new model for the role of Grass in
Drosophila Toll pathway activation.

EXPERIMENTAL PROCEDURES

Cloning, Overexpression, and Purification of the Drosophila
Proteases—Full-length Grass was cloned into the pMT-V5 His
vector and co-transfected into S2 cells with pCoblast vector.
Polyclonal and pseudoclonal stable cell lines were selected
using blasticidin. After selection, cells were grown in suspen-
sion at 24 °C and kept under selection in 1 liter of Schneider’s
medium (Sigma) containing 5 pg/ml blasticidin (Invivogen), 50
pg/ml streptomycin (Invitrogen), 50 units/ml penicillin (Invit-
rogen), 2 mMm Glutamax (Invitrogen), and 10% heat-inactivated
fetal bovine serum. Expression of the secreted protein was
induced by the addition of 0.5 mm CuSO,. Six days following
induction, cells were aseptically centrifuged, resuspended in 1
liter of fresh medium, and induced again for 6 additional days.
The cell culture supernatant was harvested, and after clarifica-
tion, the recombinant protein was recovered by affinity chro-
matography (Chelating Sepharose Fast Flow; Amersham Bio-
sciences) by elution with the loading buffer supplemented with
250 mM imidazole. Further purification was performed by size
exclusion (Superdex 75 HiLoad 16/60 Prep grade; Amersham
Biosciences) in 20 mm Hepes, pH 7.4, 150 mMm NaCl.

A specific activation site (DDDDK) was introduced in a two-
step strategy using the QuikChange Mutagenesis kit. The mod-
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ified protein was expressed and purified using the same proce-
dure as for the wild-type protease.

Protease Activation Assays—Grass zymogen (5-10 ug) was
incubated with bovine and porcine trypsin (Sigma) (ratio
1/1000) for 20 —75 min at room temperature in 10 mm Tris, pH
8, 0—-10 mm CaCl,. Grass mutant zymogen (5 ug) was incu-
bated with enterokinase (Invitrogen) (0.01-0.0002 units) for
1 h to overnight, at room temperature and 37 °C. A positive
control (with a DDDDK sequence) was included in our experi-
ments for enterokinase digestion. All of the reactions were
stopped by the addition of Laemmli buffer and incubation at
95 °C for 5 min and analyzed by SDS-PAGE.

Edman Sequencing—After SDS-PAGE and Coomassie Blue
staining, protein bands were excised. Proteins were extracted
from the gel and blotted onto polyvinylidene difluoride mem-
branes with the ProSob™ system (Applied Biosystems). The
N-terminal sequences of proteins were determined by auto-
mated Edman degradation by introducing the blots into a Pro-
cise P494 automated protein sequencer (Applied Biosystems).
The sequences obtained were compared with sequences in
public protein sequence data bases.

Crystallization—Grass zymogen was concentrated up to 4.5
mg/ml. Initial crystallization trials were performed with Crystal
Screens 1 and 2 (Hampton Research) using the hanging-drop
vapor-diffusion method at 293 K. The drops were composed of
equal volumes (1 ul) of protein solution (concentration of 4.5
mg/ml, in 20 mm Hepes, pH 7.4, and 150 mMm NaCl buffer) and
precipitant solution and were equilibrated against 0.3-ml reser-
voir volume. Although no crystal was obtained, condition 15,
which gave crystalline precipitates, was selected for optimiza-
tion. Conditions were varied for PEG8000 (22—-32%) and for
ammonium sulfate (0.16 —0.20 M) in 100 mm sodium cacodylate
buffer, pH 6.5.

Data Collection—For cryo-cooling, the crystals were soaked
for a short time in reservoir solution supplemented with 20%
ethylene glycol before being flash-frozen in a nitrogen gas
stream at 100 K. X-ray diffraction data were collected to 1.8 A
resolution on beamline ID14-2 of the European Synchrotron
Radiation Facility, Grenoble. The diffraction images were pro-
cessed using MOSFLM (22) and scaled with the program
SCALA (23) of the CCP4 suite (Collaborative Computational
Project 4, 1994). The crystals belong to space group P2,2,2,,
with unit-cell parameters a = 78.26 A, b = 92.04 A, and ¢ =
113.34 A. A Matthews coefficient V,, of 2.62 A% - Da™ ! was
calculated assuming two molecules in the asymmetric unit,
which corresponds to 53% solvent content by volume.

Structure Resolution—The full-length protease was pro-
duced as a zymogen, and its structure was determined at 1.8 A
resolution by molecular replacement using the AMoRe pro-
gram (24). The crystal structure of trypsin from Fusarium oxys-
porum (25) deleted of several loops served as the search model.
Using data between 8.0 and 3.5 A, the rotation function yielded
one solution, and the translation function gave the position of
the two molecules in the asymmetric unit, with a correlation
coefficient and an R factor of 43 and 51.7%, respectively. The
clip domain was then built in the resulting F, — F_ electron
density map using the Turbo-Frodo program (26). CNS (27),
REFMAC (28), and BUSTER (29) refinements were carried out
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between 20 and 1.8 A. After performing several cycles of refine-
ment and manual replacement and building on the graphic dis-
play with the Turbo-Frodo program (26), the R factor decreased
to 17.6% (R-free 20.3%). Strong 2F, — F, densities were
observed close to the side chain of Asn**° and Asn*”° and were
assigned to sugars that were built in the densities. Crystallo-
graphic and refinement statistics are detailed in supplemental
Table 1. Structural figures were generated with PyMOL.

Sequence Alignment of Catalytic Domains—The sequences
of clip-SPs of known function, from various insect models (Dro-
sophila melanogaster, B. mori, M. sexta, H. diomphalia, and T.
molitor) were retrieved from the NCBI data base. The
sequences were aligned using ClustalW2 (30), and the align-
ment was adjusted manually using superimposed crystal struc-
tures of Grass, PPAF-I, PPAF-II, and bovine trypsin. The align-
ment was displayed using ESPript program.

Accession Code—Atomic coordinates and structure factors
have been deposited into the Research Collaboratory for Struc-
tural Bioinformatics Protein Data Bank (PDB) under the acces-
sion code 2XXL.

RESULTS

Structure of the Catalytic Domain of Grass—The structure of
Grass consists of two domains, the clip and the catalytic
domains connected by a linker comprising residues 91-118.
The SP domain of Grass (Val'**~Leu®"”) exhibits the charac-
teristic polypeptide fold of trypsin-like SPs consisting of two
B-barrels made of six B-strands stacked onto one another (Fig.
2A). The superimposition of Grass onto chymotrypsin (PDB
code 1GLO) shows that 160 among 240 Ca (66%) of the model
display equivalent positions in both molecules with distance
between the superimposed residues Ca atoms <1.5 A. The
superimposition onto trypsin (PDB code 3BTE) results in 58%
topologically equivalent positions (135 Ca of 230). Most of the
inserted residues constitute surface loops named 30, 60, 75,
125, and 201, etc., according to chymotrypsin numbering. The
numbering of Grass is that of the precursor, and that of chy-
motrypsinogen is sometimes indicated in parentheses and
denoted with “c” for clarity. The catalytic triad, composed of the
three conserved residues His'®®, Asp?*?, and Ser®'® (corre-
sponding to His*’c, Asp'®’c, and Ser'®>c) (supplemental Fig.
S1), stands in a prearranged conformation superimposable with
that of active serine proteases such as trypsin and chymotryp-
sin. The transition from a zymogen to an active protease is
associated with the formation, by proteolytic cleavage, of a new
N terminus (Ile'®c) which becomes buried within the molecule
and after a conformational change in the so-called “activation
domain” (residues 16¢—19c, 142c—152c¢, 184c—193c, and 216¢—
223c) (31). In the recombinant Grass, the activation site
(Arg''®—Val''®) is not cleaved, and several loops (140-loop,
180-loop, and 220-loop) do not stand in the canonical confor-
mation of active SPs. This clearly indicates that the structure of
Grass is that of the zymogen. Using the same superimposition
strategy, the structure of Grass was also compared with that of
Hd-PPAF-I and Hd-PPAF-II (PDB codes 20LG and 2B9L,
respectively).

Active Site Cleft—The active site cleft is shaped by three
insertion loops, the 30-loop (138 —144), the 60-loop (166 -172),
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A clip domain

B

active site
entrance

catalytic domain

140-loop

30-loop

FIGURE 2. Structure of clip-SP Grass. A, overall structure in ribbon representation, with the three domains, clip, linker, and catalytic, colored in yellow, cyan, and
gray, respectively. The disulfide bridges and the catalytic triad are depicted as sticks and colored in green and red, respectively. The calcium ion is represented
as a dark sphere and Arg''® (P1 of the activation site) as a gray sphere. The three loops shaping the active site cleft (30, 60, and 140) and the 75-loop are colored
in magenta and blue, respectively. B, representation as molecular surface of the full-length protease. The molecule is rotated of 90° along the horizontal axis
compared with A, and the color code is the same as in A. C, bound calcium ion drawn as a sphere and hepta-coordination indicated by dotted lines. Initial F, —

F. electron density map contoured at 1.0 o is displayed in blue.

and the 140-loop (267-273), as illustrated in Fig. 2B. These
loops were superimposed on those of digestive or coagulation/
complement SPs (like trypsin, chymotrypsin, thrombin, or
MASP1) and of Hd-PPAF-1.

The conformation of the 140-loop of Grass is such that it
blocks access to the cleft, thus acting as a latch to prevent any
accidental/nonspecific activity of the zymogen form. This func-
tion was described previously for Hd-PPAF-I (19). The 140-
loop, which is known as the autolysis loop, was shown to
undergo conformational changes upon activation (32). Thus,
it may be possible that the 140-loops of both Grass and Hd-
PPAF-I will adopt another conformation in the active pro-
teases. The 30-loop of Grass is similar in size and conformation
to that of Hd-PPAF-I. It is 5 residues longer than that of trypsin
and 3 residues longer than that of MASP1. The 60-loop of Grass
is 4 residues shorter than that of Hd-PPAF-I and is smaller than
that of thrombin or MASP1 (6 and 14 residues, respectively). In
general, the restricted specificity of proteases (for example in
the coagulation) results from a deep and narrow active site cleft.
Indeed, several studies highlighted the role of the 60-loop in
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regulating the specificity of the proteases by shielding the
active-site pocket (33-35).

The sequence of the 30- and 60-loop of Grass was also com-
pared with that of clip-SPs with a reported function (supple-
mental Fig. S2). No striking resemblance could be detected
between the sequences of Grass and of the other clip-SPs. The
30-loops are rather homogeneous in size, and that of Grass is
not different from the others. In contrast, the 60-loop of Grass
is shorter than that of SPEs, Dm-Easter, or Ms-PAPs. Actually,
the 60-loop of Grass resembles that of that of Hd-PPAF-III the
most in size.

Activation Site Highly Resistant to Nowuspecific Proteolysis—
In Fig. 3A, SDS-PAGE analysis shows that Grass zymogen
migrates at a molecular mass of 45 kDa. The endogenous acti-
vator of Grass in Drosophila is unknown; however, its cleavage
site Arg"'® | Val''? (P1-P'1 of the activation site) indicates that
a trypsin-like activity is required. Hence, Grass zymogen was
submitted to proteolysis by bovine and porcine pancreatic tryp-
sin. This resulted in a decreased intensity of the band at 45 kDa
and the appearance of a novel band at 30 kDa. Edman degrada-
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FIGURE 3. Limited proteolysis of Grass. A, digestion of Grass by trypsin,
analyzed on a SDS-PAGE: Grass zymogen (lane b) and Grass digested by tryp-
sin (lane ¢), and trypsin (lane a). A red arrow indicates the band that was
sequenced, and the result of the N-terminal sequencing is indicated. B, sche-
matic representation of Grass zymogen with the hydrolysis sites. Above the
rectangles, two letters indicate the P1-P’1 activation site, and scissors indicate
the site cleaved by trypsin. The color code is that of Fig. 2 (clip in yellow, linker
in cyan, and catalytic domain in gray). Red lines stand for the fragments iden-
tified by peptide mass fingerprint.

tion showed that the sequence of the 30 kDa band matches the
N terminus of Grass zymogen (DYAD), indicating that the
hydrolysis did not occur at the activation site but within
the catalytic domain. This was confirmed by peptide mass fin-
gerprint analysis of this band. Indeed, the measured masses
correspond to peptides that match the sequence between Asp>’
and Lys**" of Grass (Fig. 3B). More drastic conditions resulted
in a complete digestion of Grass zymogen.

A specific cleavage site for enterokinase was introduced in
Grass by replacing the sequence FLSQR''® by DDDDK. Sur-
prisingly, enterokinase did not cleave this mutant. Interest-
ingly, a similar situation was already described for a Hd-PPAF-I
mutant (19). The authors proposed that the depth of the active
site cleft of enterokinase prevents its access to the activation site
of HA-PPAF-L

Calcium Binding Loop (70-Loop)—An extra density was vis-
ible in the electron density map. By homology with Hd-PPAF-I
(19), it was attributed to a calcium ion. It is hepta-coordinated
with a pseudo-octahedral geometry involving the carboxylates
of Glu'”® (one oxygen) and Asp'®” (two oxygens), the carbonyl
oxygens of Thr'®* and Arg'®!, and two molecules of water (Fig.
2C). These residues constitute the calcium binding loop (70-
loop). The coordination is strictly identical to that found in the
SP domain of Hd-PPAF-I (19).

75-Loop Prevents Access to the Activation Site—The 75-loop
of Grass (188-197), which is a protuberance extending from
the calcium binding loop (70-loop), folds into a hairpin. It is
stabilized by a disulfide bridge between Cys'®® and Cys'®?, two
additional cysteines, compared with trypsin-like SPs (Fig. 2C).
The 75-loop was described previously in Hd-PPAF-I and pro-
posed by Piao et al. to restrict the access of the activation site
(19). The high resistance of Grass and its mutant to activation is
consistent with this hypothesis. Approximately half of the Dro-
sophila clip-SPs display a 75-loop, which may vary in length and
sequence. Grass contains a sequence of four positively charged
residues, RKKK, that is highly conserved in the 12 species of
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Drosophila (RK(K/R/E/T)K). This positively charged patch
may constitute a binding interaction module with a negatively
charged ligand.

The superposition of Grass and Hd-PPAF-I (supplemental
Fig. S3A) highlights slightly divergent conformations of the
activation loops and the 75-loops, as depicted in supplemental
Fig. S4. The activation loops do not superimpose from residues
114-123 of Grass and 104 —114 of Hd-PPAF-I. In Hd-PPAF-I,
the two loops stand very close to each other (4.9 A between Ca
of Tle''® and of Gly'®®) and the side chain (atom N¢) of Lys'®’
(K'? | T''LNG cleavage site) is engaged in a hydrogen bond
with the Val'®® main chain carbonyl. Thus, the Lys'® side chain
is not accessible to any activating protease. In Grass, the activa-
tion loop and the 75-loop are more distant (15 A between Ca of
Arg'*®and of GIn'°) due to the presence of a symmetry-related
molecule. The spatial arrangement of the two loops in Grass
may reflect the loop opening motion necessary for the activa-
tion process.

Clip Domain of Grass—The clip domain of Grass (residues
27-90) adopts an a/B mixed fold consisting of two helices, al
(residues 49 —61) and a2 (67-76), and an antiparallel distorted
B-sheet made of four strands, B1 (29-34), B2 (37-43), B2B
(78-81), and B3 (84— 89) (Fig. 4A). The numbering of the sec-
ondary structure elements (a1, o2, 81, B2, and B3) is that used
for the published structures of the two Ms-PAP2 clip domains
(36). Grass contains an additional strand (32B), which interacts
with the B3 strand. The two helices are antiparallel and are
almost perpendicular to the B-sheet. Three disulfide bridges
(Cys**~Cys®®, Cys*?-Cys’®, and Cys*®*-Cys®) stabilize the
B-sheet, Cys*® being the only cysteine that is not located on a
B-strand. The structure of the clip of Grass was compared with
those of Ms-PAP2 (PDB codes 2IKD and 2IKE), which were
determined by NMR (Fig. 4B). Because of a flexible linker
between the two domains, they were considered as two separate
entities for the resolution of the structures. The overall fold of
the three clip domains is similar, notably with the presence of
two antiparallel helices. Superimposition of Grass and
Ms-PAP2 clips show that 26 and 30 residues among 56 and 54
have topologically equivalent position (with distance between
the superimposed residues Ca atoms less than 1.5 A), giving a
structural similarity of 46 and 55% for clipl and clip2, respec-
tively. The major difference occurs in the region between resi-
dues 78 and 86. In Grass, this region is structured into a small
sheet (B2B—B3) whereas in Ms-PAP2, the corresponding
regions (54—62 and 113-120) form nonstructured loops that
fold back toward the a2 helices. The conformation observed in
Grass is likely due to the presence of the catalytic domain that
contacts the tip of the loop (residues 81— 84).

Despite their different folds, we also compared the clips of
Grass and of Hd-PPAF-II (18), the latter being composed of an
irregular B-sheet and devoid of a-helix. The three disulfide
bridges do superimpose, as do, partially, the B-strands. The
main divergence occurs in the region between Cys® and Cys*,
which is a long loop in Hd-PPAF-II (Fig. 4C).

A central hydrophobic cavity was described for Hd-PPAF-II
and Ms-PAP2 clips. It was proposed to be involved in the bind-
ing of proPO. This cavity is constituted of residues Tyr”?, Val’®,
and Val''! of Hd-PPAFII and Leu?®, Ala®2?, Val®® and Ile®°,
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FIGURE 4. Clip domain of Grass and the classification of the clips into
three groups. A, structure of the clip domain in ribbon representation. The
orientation is slightly different from in Fig. 2A, for more clarity on the
B-strands. The hydrophobic residues are represented as orange sticks.
The cysteines are colored in green, and the a-helices and the B-strands are
annotated. B, overall structure of clip domains of Grass (in yellow) and Ms-
PAP2 (in light brown). A rotation of approximately 90° was applied along the
vertical axis, compared with A. C, overall structure of PPAF-II clip domain of
group 3,inthe same orientation as in B. D, schematic organization of the three
groups of clip domains. The clip domain and the linker sequences are repre-
sented as rectangles of different colors: cyan for the linkers, green for clip
domain of group 1, yellow for clip domain of group 2, and red for group 3.
a-Helices and B-strands predicted by the Jpred program are represented as
spirals and arrows above the rectangle, and the experimentally determined
disulfide bridges and secondary structures are represented below the
rectangle.

Leu®?, and Val** for clips 1 and 2 of Ms-PAP2, respectively. In
Grass, a similar hydrophobic cavity, composed of Phe*®, Leu®,
Leu”®, and Phe®” (Fig. 4A), could constitute a binding site for a
yet undefined protein.

Organization of Domains in Clip-SPs—The clip domain of
Grass is located opposite the activation loop and contacts the
C-terminal a-helix (residues 366-374) of the SP domain
through residues Tyr?®, Ser*”, and Asn®?. The linker of Grass
superimposes well over that of Hd-PPAF-I (residues 98-113
for Grass and 88 —103 for Hd-PPAF-I), which clearly indicates
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that the clip of Hd-PPAF-I is likely to be located in a similar
position as in Grass (supplemental Fig. S3A). Strikingly, despite
a completely different organization between Grass and PPAF-II
domains (supplemental Fig. S3B), PPAF-II has an N-terminal
extension (residues 22-35) that forms an a-helix (residues
22-35) located at the same position as the a-helix (residues
98 -106) of the linker of Grass. In contrast to what occurs in
Grass, the clip domain of Hd-PPAF-II (residues 57—114) is teth-
ered to the SP domain with a large interface. Moreover a paired
B-strand between residues 94 -96 (named 32-1) of the clip and
the activation loop (150-151) totally prevents any hydrolysis of
the 150—151 amide bond.

Structure-based Classification of Clip-SPs—Jiang and Kanost
(1) have proposed a classification of the clip-SPs into two
classes according to the length of the sequence separating Cys®
and Cys” in the clip domain. The proteases of the first group
display 15-17 residues between the two cysteines whereas
those of the second group have 22—24 residues. This method
failed to place Grass in any of the two groups as it has an unusu-
ally long sequence (29 residues) between Cys® and Cys* (16).
Because Grass was the focus of our study, we undertook a new
classification, taking into account the sequence and the struc-
tural data of the clip domains but also of the SP domains. Clip-
SPs sequences were retrieved from the studies on the insects H.
diomphalia, T. molitor, M. sexta, B. mori, and D. melanogaster.
For Drosophila, annotated clip-SPs of unknown function were
also considered.

A sequence alignment of the catalytic domains of clip-SPs of
known function was made with Clustal W program. They were
partitioned into two groups (supplemental Fig. S2). The major
divergence between the two groups appears to be in the
75-loop, and we propose therefore to use it as a marker for the
classification. This 75-loop is easily detectable because it is
delineated by two supernumerary cysteines. It should be noted
that the 75-loop is always associated with the calcium binding
loop (70-loop), for which two residues (Glu'”® and Asp'®’) are
strictly conserved within the group.

Independently, an analysis of known structures of clip do-
mains combined with secondary structure prediction using the
Jpred program (37) was also performed. This enabled us to seg-
regate the clip domains into three groups (Fig. 4D). Members of
group 1 are predicted to have one helix between Cys® and Cys*
and one helix centered on a cysteine of the linker. A detailed
analysis of group 1 reveals four subgroups depending on the
number of cysteines in the linker (1a—1d). The first subgroup
(1a) displays the classical clip-SP cysteine organization consist-
ing of Clip (6 Cys) + linker (1 Cys) + SP (7 Cys). The three other
subgroups (1b, 1c, and 1d) display additional cysteines within
their linker. Group 2 contains clip domains for which two hel-
ices are predicted between Cys® and Cys*. For this group, the
prediction is confirmed by the three experimentally deter-
mined structures, those of Grass and of Ms-PAP2 (36). The clip
domains that are devoid of any helical secondary structure form
group 3. From our analysis, this group contains only inactive
clip-SPHs. Again, the crystal structure of Hd-PPAF-II clip con-
solidates the prediction made using Jpred program. Interest-
ingly, a correlation can be established between the classifica-
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tions of the catalytic domains and of the clip domains. Indeed,
clip-SPs bearing a 75-loop always have a clip domain of group 2.

DISCUSSION

During the last decade, an increasing number of studies have
investigated the proteolytic cascades involved in the immune
responses of invertebrates. On one hand, large insects like 7.
molitor, B. mori, or M. sexta have shown that the proteolytic
cascades are composed of two clip-SPs, one penultimate and
one terminal. Some pathways include a third apical protease,
which is not a clip-SP but a modular SP (Fig. 1). On the other
hand, genetic studies of the Drosophila immune response have
highlighted the role of several SPs in the activation of the Toll
receptor. Buchon et al. (9) proposed a more complex model of a
proteolytic cascade with at least four members: ModSP, an
unknown SP, Grass, and SPE. A fourth SP is necessary for this
model because ModSP could not cleave Grass, in vitro. This
result is in accordance with the probable specificity pocket of
ModSP. This pocket is predicted to be constituted of Leu®*”,
Ala®%3, and Thr®®* (12) and therefore, is unlikely to accommo-
date basic Arg''® constituting the activation site of Grass.

In the present study, we have determined the crystal struc-
ture of the full-length clip-SP Grass of D. melanogaster. The
catalytic domain of Grass resembles that of chymotrypsin-like
serine proteases with distinctive features that include a deep
active site cleft and an activation site located on a protruding
loop whose access is prevented by an additional loop (75-loop).
The 75-loop is itself delineated by a disulfide bridge specific to
the family.

We have also established a classification of the clip-SPs based
on the 75-loop of the SP domain and on the conformation of the
clip domain. This classification into two groups coincides with
their position within the cascade. Indeed, the clip-SPs that are
devoid of 75-loop and that have a clip of group 1 (Fig. 4D) are in
penultimate position (like Dm-Snake, Ms-HP6, or Tm-SAE).
The clip-SPs that have a 75-loop and a clip of group 2 (Fig. 4D)
are terminal clip-SPs like Dm-Easter, Dm-SPE, Ms-HPS8, or
Tm-SPE. According to this classification, Grass should be a
terminal protease. This assumption contradicts the current
model for Drosophila immune response and gives rise to some
questions.

The first question refers to the substrate of Grass. To our
knowledge, terminal clip-SPs cleave three kinds of substrates:
Spaetzle, proPO, and SPHs. A careful examination of the loops
responsible of the substrate specificity reveals that the 60-loop
of Grass stands apart from the clip-SPs of known function (sup-
plemental Fig. S2) due to its small size. Interestingly, the 30- and
60-loops of Grass are similar in size to that of Hd-PPAF-III, the
protease that cleaves Hd-PPAF-II, an inactive clip-SPH. This
may give an indication of a similar substrate. Another question
is the role of Grass in the activation of Dm-SPE. Several lines of
evidence suggest that some proteolytic cascades are not strictly
sequential and may be more complicated. Wang and Jiang (38)
have shown that a minute amount of Ms-PAP1, a terminal
proPO-activating protease, somehow leads to the activation of
Ms-HP6 (a penultimate clip-SP), Ms-HP8, Ms-PAP1, and at
least one clip-SPH in the presence of unknown plasma factors,
that would be the substrates of Ms-PAP1 (Fig. 5, upper left).
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FIGURE 5. Schematic organization of the proteolytic cascades involving
clip proteases. Upper left, proPO activation in M. sexta (16). Lower left, proPO
activation in H. diomphalia (39). Right, model for Toll activation in Drosophila.
The penultimate and terminal clip-SPs are colored according to their belong-
ing to the groups defined in Fig. 4D. The clips are colored in green for group 1
orin yellow for group 2. The linker is in cyan. The catalytic domains are colored
in purple or in gray, depending on the absence or the presence of the 75-loop.
The letter in a white circle on the catalytic domain indicates the substrate
specificity: T indicates trypsin-like; T with a line through it indicates different
specificity. The letter in the linker stands for the P1 residue of the activation
site. The N-terminal domains of ModSP are represented as a chain of beads.
The letter on the top (F) is the P1 residue of the activation site. Blue arrows
indicate an experimentally described direct interaction. A dashed black arrow
indicates a hypothetical positive feedback mechanism (16). A dashed red
line indicates a link demonstrated by epistasic studies (in D. melanogaster).

According to the authors, this indicates the existence of a pos-
itive feedback mechanism into the proPO activation system.
The complexity of the proteolytic cascades is also illustrated
with the model of H. diomphalia, where proPO, after cleavage
by Hd-PPAF-I, requires the functional clip-SPH Hd-PPAF-II to
become active. The functional form of Hd-PPAEF-II is obtained
by cleavage by Hd-PPAF-III, another terminal clip-SP (39) (Fig.
5, lower left).

To reconcile a terminal position for Grass with genetic data
(7, 9), we propose a novel model for Toll pathway activation,
where the function of Grass, downstream of ModSP (Fig. 5,
right) would be to cleave a regulatory plasma protein such as
SPHs spheroid or sphinx (8). These inactive proteases may be
cofactors necessary for the activation of SPE. This could explain
the apparent position of Grass, upstream of SPE, as described
by epistasic studies. Our analysis suggests a high level of com-
plexity in the regulatory networks that control the activation of
Drosophila innate immunity. Further studies demonstrating
the existence of one or several intermediate clip-SPs acting
upstream of Grass and of SPE will be necessary to refine our
model.
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