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ABSTRACT: Clip domains are structural modules found in arthropod serine proteinases and some
proteolytically inactive homologues, which mediate extracellular signaling pathways of development and
immunity. While little is known about their structures or functions, clip domains are proposed to be sites
for interactions of proteinases with their activators, cofactors, and substrates. Here we report the solution
structure of dual clip domains froManduca sext@rophenoloxidase activating proteinase-2. Each domain
adopts a new mixed/p fold (a three-stranded antiparallgisheet flanked by twa-helices), and the
architecture provides structural information on clip domains from a catalytically active proteinase for the
first time. Examination of the structure in conjunction with a multiple sequence alignment of the clip
domains from different groups suggests a substrate-binding site, a bacteria-interacting region, and a surface
for specific interactions. In summary, our results provide insights into the structural basis of clip domain
functions and this structure may represent the prototype of group-2 clip domains.

The clip domain was first identified in the horseshoe crab (2). Clip domains, found so far only in arthropods such as
proclotting enzyme k) and was so named because it took insects, crustaceans, and horseshoe crabs, are located at the
the shape of a paperclip in the schematic drawing showing amino-terminus in serine proteinases ($Bsserine protease
the disulfide linkages. Members of this family are-380 homologues (SPHs). SPHs lack an enzymatic activity
residues long, with an overall sequence similarity of-20 because one or more of the catalytic triad residues are
40%, characterized by six absolutely conserved Cys residuessubstituted. Clip-domain SPs are activated by cleavage
between the clip and proteinase domains. After cleavage
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its catalytic or SP-like domain by an interchain disulfide

Huang et al.

in 50 mL of LB medium (10Qug/mL ampicillin) at 30°C

bridge. Genome analysis revealed that clip domains represenbvernight. The culture was transferredani L of M9
the most abundant structural modules in arthropod SPs andminimal medium supplemented Wwitl g of 1>NH,CI, 3 g of

SPHs: about 80 genes iDrosophila melanogasteand
Anopheles gambiaencode SP-related proteins, each with 1
to 5 clip domains 3, 4). In the tobacco hornworrilanduca
sexta there are at least 17 SPs and 2 SPHs containirig) 1
clip domains §). The clip-domain SPs comprise three groups

BC-glucose, and 10 mL of 20N, 3C-labeled Bio-Express-
1000 (CIL). After growing at 37C for 2 h, the culture was
added to 20 L of the fresh medium and continued to grow
for abou 4 h till Asoo reached 0.7. Expression was induced
with 1 mM isoprppyl$-p-1-thiogalactopyroanoside for 4 h

(1 1n, and 2) whereas clip-domain SPHs represent a lineageat 37°C. Cells were harvested by centrifugation at 10§00

diverged from the former during early evolution of this gene
family (2, 3).

for 20 min at 4°C, and the pellet (55 g, wet weight) was
stored at—80 °C.

Clip-domain SPs mediate developmental signals and The cell pellet was resuspended with 500 mL of buffer A
defense responses in arthropods. These include the horseshd€0 mM phosphate buffer, pH 8.0, 0.9% NaCl) containing

crab hemolymph coagulatioDrosophila Toll pathway
activation during embryonic development and induced
synthesis of antimicrobial peptides, as well as mosquito
melanotic encapsulation of malaria parasi®s9Y). One of

0.1 mg/mL lysozyme. After incubation at room temperature
for 30 min, the cell suspension was sonicated on ice (1 min
each, 10 times). Following centrifugation at 189d0r 30
min, the supernatant was heated at°@for 10 min with

the best studied immune responses in insects and crustacearggyitation and then chilled in an ice/water bath. After removal

involves the limited proteolysis of prophenoloxidase (proPO).

of the precipitate by centrifugation (180§030 min), the

Recognition of pathogens by pattern recognition receptors supernatant was recovered and loaded onto a Ni-nitrilotri-
activates a SP cascade via sequential proteolysis. Activeacetic acid agarose column (150 mL bed volume) and washed
phenoloxidase catalyzes quinone formation and melaninwith 750 mL of buffer A. The bound proteins were eluted

production for wound healing and microbe Killin@Qj. In

by a linear gradient of ©300 mM imidazole in 1500 mL of

some insects, proPO activation is mediated by a proPO buffer A. Fractions containing the PAP-2 clip domains were

activating proteinase (PAP, also known as PPAE) in the
presence of an SPHY, 12). PAP and SPH each contains
1-2 regulatory clip domains at their amino-termind8{

17). They are terminal components of the SP cascade,

combined and separated by reversed-phase HPLC on a
Source-15 RPC column (4.6« 100 mm) (Amersham
Biosciences). In each run, 100 mL of the pooled sample was
loaded and eluted with a-B0% acetonitrile gradient in

analogous to blood coagulation and complement activation 10 mM Tris-HCI, pH 8.5 in 50 min at a flow rate of 1.0

systems in mammalslg, 19). M. sextaPAP2 belongs to
group-2, the largest and most prevalent subfamily of clip-
domain SPs which includerosophilaeaster and PAPs from
moths, beetles, flies, and mosquitoes.

While clip-domain proteins are implicated in a wide range
of biological processes, relatively little is understood about
molecular functions of clip domains. To study the structural

mL/min. Fractions of the first peak, confirmed by electro-
phoretic analysis to be the monomer migrating as a single
band on a nonreducing polyacrylamide gel, were combined
and subjected to vacuum centrifugation on a Speed-Vac for
1 h. With the organic solvent removed, the protein sample
was dialyzed against 10 mM NHCO; and lyophilized.

NMR Spectroscopy.he protein samples for NMR studies

basis of their functions, we expressed and purified the dual were either uniformly**N-labeled or'3C- and°N-double

clip domains (i.e., clip-1 and clip-2) frorvl. sextaPAP2
and determine their three-dimensional structures by NMR

labeled, dissolved in 100 mM phosphate buffer (pH 8.0) with
90% H0, 10% 2H,O. The protein concentration was

spectroscopy. The structure serves as a basis for structure1.0 mM. In the'H/?H exchange experiment, the lyophilized

based probing of clip domain functions and supports the
proposed roles of clip domain in proPO activation.

MATERIALS AND METHODS

Cloning. The B fragment ofM. sextaPAP-2 cDNA was
amplified by PCR using the longest clone as templat. (
Primers 662 (STTTGCCATGGGACAAGCCTGC-3) and
672 (B-TGCAAGCTTACGGGCAGCA-3) correspond to
nucleotides 7993 and 423-442 (reverse complement) of
the cDNA except for a few changes to introduce the
restriction sites and stop codon. The thermal cycling condi-
tions were 35 cycles of 94C, 30 s; 53°C, 30 s; 72°C,

40 s, followed by 10 min of incubation at 7ZC. After
digestion withNcd and Hindlll, the 364 bp PCR product
was inserted to the same sites in plasmid H6pQE&) to

protein was dissolved in 99.99%1,0 and the 2D'"H—'°N
HSQC spectrum was collected after 8 h. All NMR spectra
were acquired at 298 K on Bruker Avance 800 MHz
spectrometers equipped wita 5 mm H/*C/5N triple
resonance inverse detection cryogenic probe wjthpulse

field gradients. Spectral data were processed and interpreted
using NMRPipe 21) and SPARKY 22) software packages,
respectively.H, 13C, and >N chemical shift referencing
followed a previous report2@). No stereospecific assign-
ments were made.

A suite of 2D- and 3D-NMR spectra were obtained for
backbone and side-chain chemical shift assignments and
structural constraints. These include Z#D-'°N HSQC and
1H—13C HSQC, 3D CBCA(CO)NH, HNCACB, HNCA,
HNCO, CCCONH, HBHA(CO)NH, HCCH-TOCSY, hCCH-

generate plasmid H12/H6pQE®60, which adds the sequencelTOCSY,**N-edited*H—H NOESY (mixing time: 100 ms),

Met-His-His-His-His-His-His-Ala-Met-Gly at the amino

and 3C-edited'H-H NOESY (mixing time: 100 ms). An

terminus. The resulting transformants were examined for additional 3D'*N-edited"H—'H NOESY-HSQC spectrum
induced expression of the recombinant clip domains, correct (mixing time: 100 ms) was collected from theN-labeled

restriction digestion pattern, and insert sequence.
Protein Expression and Purification. Escherichia ddi5
cells (Qiagen) containing H12/H6pQEG6O0 were initially grown

sample of PAP-2 clip domains in order to identify HNN
contacts. Sequence-specific backbottt °N, and *C
resonance assignments were based on the 3D CBCA(CO)-
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NH, HNCACB, HNCA, and HNCO. The side chathi, 5N, (A) 1

and 13C signals were assigned using the data from 3D

HBHA(CO)NH, CCCONH, HCCH-TOCSY, and hCCH- \

TOCSY. Resonance assignment for Asn and GlIn side chain

amides was based on ZBI—'°N HSQC and 3D'H—1H— | If"

15N NOESY-HSQC. Unambiguous NOE constraints were | f

manually assigned using 3EPN-edited and*3C-edited || | /\/ t

NOESY spectra. ‘ '
Hydrogen bond restraints (€HN, 1.8-2.1 A; O—N, 2.7— ‘ /

3.0 A) were deduced from backbone chemical shift analysis )

|
|
and from the'H—2H exchange experiment. Backbodeand wj w /V\M

Y torsion angle restraints were derived from an analysis for

H, C% CP, C7, and backboné®N chemical shifts using _—— L
TALOS (24). Backbone dihedral angle constraints and o 36 o ® > 60
hydrogen bond constraints were applied only to residues that )

are clearly engaged in helical gestrand structures. M 122 3 4 122 3 4
Structure CalculationsOnly residues Q11G124 were D= :

included in the structure calculation, whereas the remaining Bl.

part of the protein was more flexible as indicated by the lack 0| » :

of NOE correlations. Structures were calculated from ex- TS e | T

tended backbone conformations as starting models using the :

program CNS 25). NOE-derived interproton distance re- 23| - 5 SEEs o

straints were classified into approximate distance ranges of 20 "'m. : ' ' '__

1.8-25A 1.8-35A, 1.8-5.0 A, and 1.8-6.0 A corre- 15 [ - e | L

sponding to strong, medium, weak, and very weak NOE cross 10 | — . e :

peaks; an additional 0:51.0 A was added to the upper +DTT -DTT

distance bound of distance restraints involving methyl groups. g, re 1: Different association states of the PAP-2 dual clip
Initial structure ensembles were calculated with manually domains separated by reversed phase HPLC. (A) Elution profile:
assigned NOE distance restraints and dihedral angles. A totakhe affinity-purified recombinant protein was applied to a Source-

of 1000 structures were calculated, and the best in terms of1> RPC column equilibrated with 10 mM Tris-HCI, pH 8.5. Alinear
' gradient of acetonitrile was employed to elute the protein. With

lowest energy was used as a starting point for further NOE 3,54rhance monitored at 214 nm, fractions were manually collected.
assignment of the remaining peaks. After disulfide bond The first and second halves of peak-2 (labeled 2 afdwere
connections were certified by sulfur atom distances, NOE collected separately for SD$olyacrylamide gel electrophoretic
cross peaks, and energy optimization, disulfide bond rela- ;ngk/esriz- (,3) Ivr:e?es?rr:gtlgg %1, é ééasr;?n 4)| :T)?J %?'%?Aaér\"’ﬁii?hrgut
tionship and hydrogen bond constraints were added todithiothre?tol)and resolved onya 12% gel. lp:ollowing electrophoresis,
subsequent calculations. A total of 100 structures were {he protein bands were visualized by Coomassie Brilliant Blue
calculated in the last iteration, from which 20 were chosen staining. The sizes of the markers are indicated on the left, and the
for further analysis. None of these structures has NOE or positions of monomer (M), dimer (D), and trimer (T) are marked
dihedral violations greater than 0.5 A ot, Sespectively. on the right.

Neither enough NOE restraints in the link region between
clip-1 and clip-2 from residues Pro6@hr70 nor interdomain
NOE restraints were obtained. Since the exact position of
the two domains cannot be determined, structures calculate
based on full-length template were divided into two single
domains for further analysis. Ensemble RMSDs were cal-
culated with MOLMOL @6). The structure ensembles were
analyzed and validated in terms of geometry and restraint
violations with AQUA and PROCHECK-NMRZ{7). Mo-
lecular graphics were produced with MOLMOL and PYMO
(http://pymol.sourceforge.net).

Data Bank Accession Codeghe coordinates and con-
straints for the two clip domains have been deposited in the
Protein Data Bank with accession codes 2IKD and 2IKE for
clip-1 and clip-2, respectively. The chemical shift assign-
ments have been deposited in the Biological Magnetic
Resonance Data Bank with accession code 15105 (clip-1)
and 15106 (clip-2).

protein fused with an amino-terminal hexahistidine tag which
facilitated its capture by Ni-nitrilotriacetic acid beads. While
he affinity-purified protein migrated as a single predominant
and on the reducing SD%olyacrylamide gel, electro-
phoresis under nonreducing conditions revealed at least four
bands whose apparent molecular masses correspond to the
monomer, dimer, trimer, and tetramer (Figure 1). In order
to isolate the monomer, we applied the protein sample onto
| areversed phase-HPLC column equilibrated at an alkaline
condition. As expected for correctly folded Cys-rich proteins,
the monomer came off the C18 column as a sharp peak
followed by broad peaks containing other forms. From 20 L
of E. coli culture, we obtained 8.0 mg of monomeric PAP-2
clip domains at a purity of over 95%. The assigrkle-1°N
heteronuclear single quantum coherence (HSQC) spectrum
shows a good dispersion &i—°N cross peaks (Figure 2),
indicative of a well-defined structure. In addition, the HSQC
spectrum with the expected number of cross peaks (i.e.,

RESULTS AND DISCUSSION without minor or shifted NH signals) suggests that our protein
adopted one conformation.
Preparation of the Dual Clip Domaing.he clip domains Disulfide Linkage.The C* and @ chemical shifts of

of M. sextaPAP-2 were expressed as a soluble recombinant cysteine residues are diagnostic of disulfide bond formation
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Ficure 2: H—15N HSQC spectrum of the dual clip domains labeled with the backbone assignments. The spectrum was collected from a
15N, 13C-labeled sample in 100 mM phosphate buffer (90%@HL0%?2H,0) at pH 8.0. Assignments were made from residue Q11 through
residue G124. Gly124, located at the carboxyl terminus, is different from the other Gly residues.
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FiGure 3: Spectral slides from*C-edited NOESY-HSQC showing NOE cross peaks betwegnfthe Cys residues in clip-1 (A) and
clip-2 (B). The cross peaks (markec™) reveal the disulfide linkages (Cys-1 and Cys-5; Cys-3 and Cys-6) in each domain.

(28). The T shift is particularly characteristic: 2435 ppm

in the reduced state and-382 ppm when oxidized. Twelve
Cys residues in the dual clip domains have thesBifts
ranging from 38.9 to 46.8 ppm, which indicate the formation

of disulfide bonds.

Clear NOE cross peaks from tfigorotons of Cys residues

relationship between Cys-1 and Cys-5 (i.e., CysCys64
in clip-1 and Cys73Cys122 in clip-2), and the other was
between Cys-3 and Cys-6 (i.e., Cys29ys65 in clip-1 and
Cys89-Cys123 in clip-2). Significant differences ingzH

chemical shifts of the 12 cysteine residues allow unambigu-

ous assignment for these NOEs and indicate that there is no

on3C-edited NOESY-HSQC were obtained for two disulfide interdomain disulfide linkage. Although the overlaps in the
linkages in each clip domain (Figure 3). One showed Hg region of Cys-2 and Cys-4 prevent direct establishment
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Table 1: NMR Structure Determination Statistics

“full-length” residue clip-1 residue clip-2 residue
11-124 11-66 71-124

A. Restraint Statistics

NOE distance restraints

all 1557 823 690
intraresidue 383 191 185
sequentiallf —j| = 1) 532 288 231
medium range 2 |i —j| < 4) 320 188 130
long range i —j| > 4 300 156 144
hydrogen bonds 74 38 36
dihedral angle restraints 55 28 27

B. Ensemble Statistics Evaluation
rmsd (from the mean coordinates)

backbone heavy atoms (A) 0.830.20 0.94+ 0.29

all heavy atoms (&) 1.6% 0.21 1.85+ 0.35
Ramachandran plot statistics (PROCHECK)

residues in most favored regions (%) 69.0 79.4

residues in additional allowed regions (%) 24.9 17.3

residues in generously allowed regions (%) 3.3 2.6

residues in disallowed regions (%) 2.8 0.7

aRmsd to the mean structure for residues in secondary structured elements (resicds 22-25, 30-38, 43-52, 62-65 in clip-1 and
71-74, 82-85, 90-97, 102-111, 126-124 in clip-2).

(A)

MHHHHHHAMG QACTLPNNDK GTCESLLQCD VASKIISKKP RTAQDEKFLR ESACGFCGQT PKVCCPESDT 70
LSCLTPDNEP GECVNIEKECT HLAEIEEDPI GEDETTYLEN SVCAGPEDNS VCCG 124

(B)

0} (i) (iii) (iv)

Ficure 4: Sequence (A) and solution structure (B) of the recombinant dual clip domains. The solution structures of PAP2 clip-1 (i, ii) and
clip-2 (iii, iv) presented as a bundle of the 20 low-energy conformers. The models (i, iii) are colored correspondinsfricct2iral
elements: red foo-helices and yellow fop-strands, and they (ii, iv) gradually change color from blue (N-terminus) to red (middle) and
green (C-terminus).

of the linkages, we, based on the existing information, deducesemble into two parts: clip-1 (GluxiPro66, 56 residues)
the disulfide bond connectivity as-b, 2—4, 3—6 (Cys13- and clip-2 (Leu7tGly124, 54 residues). Experimental
Cys64, Cys23Cys54, and Cys29Cys65 in clip-1; Cys73 restraints and structural statistics are described in Table 1.
Cys122, Cys83Cys113, and Cys89Cys123 in clip-2). This Residues 1114, 21-25, 30-38, 43-52, 62-66 in clip-1
is consistent with the linkage pattern in other clip domains and residues 774, 81-85, 90-97, 102-111, 126-124
(1, 29). in clip-2 adopt a well-defined conformation. The root-mean-
Overall Structure Residues +10 (Met-His-His-His-His- square deviations (rmsd) of the 20 lowest energy conformers
His-His-Gly-Met-Gly, not a part of clip-1) were not included superimposed onto the mean coordinates are 0.83 (clip-1)/
in the structural determination. The solution structure of dual 0.94 (clip-2) for the backbone atoms and 1.61 A (clip-1)/
clip domains was calculated by CNS5j using 1557 distance ~ 1.85 A (clip-2) for all heavy atoms (Table 1; Figure 4).
restraints, 55 dihedral angle restraints, 74 hydrogen bond Comparison of our clip domain structures with the entries
restraints, and the known disulfide bond connections. Su-in the Protein Data Bank (PDB) using DALBQ) revealed
perimposing one of the two clip domains led to highly no statistically significant similarities, suggesting that the
random orientations of the other. Twenty-two sequential or PAP2 clip domains represent a new fold (Figure 4B and
intraresidue NOEs were assigned to residues in the linkerFigure 5A). Both adopt a compact mixeds fold which
region (P66-T70), but no medium- or long-range NOE. comprises a three-stranded antipargiedheet flanked by
There was no obvious peak remaining unassigned forP66 two a-helices (denoted g81-32-a1-a2-33). The two clip
T70 on™N-NOESY-HSQC or'3C-NOESY-HSQC. Fewer  domains, which are 28% identical in sequence, closely
than ten obvious peaks were left unassigned in other partsresemble each other in secondary and tertiary structures.
of the protein. These data indicated a flexible interdomain  One special feature of the clip domain structure is the
relationship. Consequently, we separated the structure en+elationship betweea-helices angs-sheet. The two helices
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(A)

(B)
1 2 3 4 56
Group la Dm Snake AFCRRTFDGRSGYCILAYQCLHVIREY—————————— RVHGTRIDICTHRNN-VEVICCP
Ms HPZ21 ETCNMKN-GEVGICKNIRNCPSALENL-————————— -IQP—QLCGFDKSD—PIVCCV
Group 1b Tt FCE ELCSNRF-TEEGTCKNVLDCRILLOKN========== DYNLLEKESICGFEG-ITFPKVCCP
pl p2 ol o2 B3

Ms PAP2-1 QACTLP—NNDKGTCKSILQCDVﬁ—SKIISKKPRTRQDE:RFLRESACGFDGQ—TPK?CCP
Group 2 Ms PAP3-1 QSCTTP-NNGEGTCKS I YECEELL-KLVYKKDRTQQDT-DY LKKSQCGFMGN-TFTVCCF
Bm PPAE-1 QSCRTP-NGLNGNCVSVYECQALL-AILNNQRRTQQODE-KFLEDSQCGTENS-VPAVCCP
Ms PAP2-2 LSCLTP-DNEPGKCVNIKKCTHLA-EI-EEDPI-GEDETTYLENSVCAGFPED-NS-VCCG
Ms PAP3-2 NPCITP-QGEPGQCVSIYECTNLA-NLL-KFPI-TADTYNYVQKSRCQGADQ-YS-VCCG
Bm PPRE-2 --CNAA-DGQOGNCVNINSCPYVL-QLL-KNP--NEANLNYVRGSVCQGSEQ-QS5-I1CCV
Ms PAF1l QOSCTTP-QGADSNCISLYECPQLL-SAFEQRPLPSPVV-NYLRKSQCGFDGY-TPRVCCG
Ag clipBl4 KPCTTP-NGTAGRCVRVRECGYVL-DLLRKDLFAHSDT-VHLEGLOCGTRPDGGALVCCE
Dm easter GRCITP-NRERALCIHLEDCKYLY-GLLTTTPLRDTDR-LYLSRSQCGYTNG-KVLICCP

D MP1 GYCRTP-DENSGTCINLRECGY L FELLQSEEVTEQDRR--FLQASQCGYRNG-QVLICCA

Hd PPAFI AGCRTP-NGENARCVPTNNCKILYDSVLTSDP--EVIR--FLRASQCGY-NG-QPLVCCG
* * * *

_Bo_ Bl B2 g2-1 B3

Group 3 Hd PPAFII  PRCGTGADQGKKVCIVYHRCDGVINTVTPEEVINTTGEGIFDIRENANECES-YLDVCCG
* * * *

Ficure 5: Ribbon diagram of the PAP2 clip domains and sequence alignment of the clip domains from different groups. (A) The single
clip domain structure with the disulfide linkages shown (left panel) and a possible conformation of the full-length structure (right panel).
(B) Multiple sequence alignment of clip domains. The secondary structure of PAP2 and PPAFII clip domains is displayed. The absolutely
conserved Cys residues are shown in bold; conserved residues important for hydrophobic packing in group-2 clip domains are marked red,;
equivalent residues around the central cavity in PAP2 and PPAFII clip domains are indicated by *. The positively charged patch in HP21
clip domain is highlighted in blue. Positively charged residues in or near three strands are shown in purp®. DelanogasterTt:
Tachypleus tridentatusAg: A. gambiae Ms: M. sexta Bm: Bombyx moriHd: H. diomphalia

are antiparallel to each other and almost perpendicular toand, equivalently, Cys-150), Cys-2 1), Cys-5 [33), Cys-6

the 5-sheet. Stabilizing factors between th&é andjs-sheet (B3) in PPAFII clip. The preference of cysteine residue in

regions include disulfide linkage Cys2@€ys65 (clip-1)/ p-strand conformation3(l) and relatively high conservation

Cys89-Cys123 (clip-2) and packing interactions through the of sequences around the Cys residues in clip domair3) (

side-chains of Cys29-Ala32-Val63 (clip-1)/Cys89-Leu92- lead to the hypothesis that tfiesheet is a common structural

Vall21 (clip-2). On the other side,2 andf-sheet interface  feature of clip domains.

resides in Leu49Val63 (clip-1)/Leul08-Vall21l (clip-2). Broadly defined as CX10CX4-10CXg-3sCXs-17CC, clip

The network of hydrophobic interactions anchors the two domains vary greatly in their sequence, structure, and

a-helices ang-sheet together. Strong sequence conservationassociating domains. The PPAF-II clip domain belongs to

between group-2 clip domains at these residue positionsgroup-3 which is least similar to the prevailing group-2.

suggests that this hydrophobic packing arrangement is awhile PPAF-II has no catalytic activity and its clip domain

general feature of the fold (Figure 5). (cleaved between Cys-3 and Cys-4) associates with the
Structure Relaties.To date, the only tertiary structure of  proteinase-like domain for a catalysis-unrelated funct&), (

clip domain is from a group-3 SPHolotrichia diomphalia the PAP2 clip domains associate with the catalytic domain

PPAFII (PDB code 2B9L) Z9). In the crystal structure, and are not cleaved. Consistent with these, there are

PPAFII clip consists of an irregular, four-strandgeheet significant differences between the structures. A major one

and several loops, one of which contaifig-1 fragment lies between Cys-3 and Cys-4: in PAP2 this region adopts
pairing with the linker region. A comparison with our a helix-turn—helix fold whereas in PPAFII it forms a long
solution structures reveals a somewhat simftasheet with loop containing a small piece @gfstrand (2-1). This major
three strands located in similar regions. Four of the six difference provides the structural basis for those functional
cysteines are center residues in thetrands: Cys-1A41), differences: thg2-1 in PPAFII clip domain interacts with

Cys-2 (52), Cys-5 33), Cys-6 33) in PAP2 clip domains  region | in PPAFII proteinase-like domain (corresponding
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PAP2 clip-1 PAP2 clip-2
P p ) PPAFII clip

. central cavity

Ficure 6: Surface comparison of the clip domains in PAP2 and PPAFII. Similar residues forming hydrophobic core of the central cavity
for proPO binding are indicated.

to the proteolytic activation site in clip-domain SPs) and residues but from residues located in or around the three
prevents its cleavage at the typical position as seen in PAP2 5-strands. Similar positive charge residues are found in other
Probable ProPO Binding SiteA prominent central cleft ~ group-2 members (Figure 5B). Since no additional structural
in PPAFII clip was hypothesized to bind proPQ9(: a data are available for SP-associated clip domains, we are
mutation (Val111Ala) abolished the binding, and this Val unclear whether or not such a structural feature is unique
residue is conserved among all the clip domains. Residuesfor the PAP2 clip domains.
Tyr72, Val78, and Vallll form a hydrophobic core of the Possible Actiator Docking SiteSeveral lines of indirect
cleft. Equivalent residues in PAP2 clips (Leu26, Ala32, and evidence suggest that clip domains may act as an interaction
Val63 in clip-1; 1le86, Leu92, and Vall21 in clip-2) are site for activators and cofactors that form complexes in a
located in a large internal cavity resembling the cleft in SP cascade. For instance, the clip domaii ofliomphalia
PPAFII clip (Figure 6). We, therefore, suggest that the PPAFI is essential for the rapid activation of its catalytic
hydrophobic cavity in PAP2 clips serves the same purpose.domain @9). High ionic strength significantly slows proPO
In the solution structure, the outer rim of the cavity is lined activation by PAP2n uitro (data not shown), suggesting
by al, a2, and3, whereas the bottom of the cavity is that electrostatic interactions are important in the activation
composed of the loop between Cys-2 and Cys-3. The rmsdprocess. By examining the surface of PAP2 clip structure,
for superposition of all ordered fragments is higher than that we observed a predominant charged surface on the helix
for the 5-sheet portion, indicating some flexibility in the region (Figure 7, right panel). The charged regions in clip-1
positions ofa-helices relative to thg-sheet. Such flexibility and clip-2 could serve as docking sites for its interacting
may facilitate the binding site exposure, and we expect a proteins with complementary electrostatic surfaces. Interest-
change in cavity size upon proPO binding. This seems to beingly, clip-1 has net positive charges composed of Lys34,
consistent with the cleft flexibility found in PPAFII clip, the  Lys38, and Lys39 side-chains whereas clip-2 has net negative
outer rim of which is lined by thg2-1-containing loop and  charges contributed by Glu94, Glu97, Asp98, Glu102, and
3 strand. Aspl103. Due to the differences in charge properties and
Aromatic residues with low thermal flexibility may provide — surface characteristics, these two sites may have different
control for binding specificity. While highly hydrophilic clip ~ specificity in binding. The current model of proPO activation
domains contain few aromatic residues, we found one aroundPathway inM. sextahemolymph indicates that hemolymph
the cavity of both clip-1 (Phe48) and clip-2 (Tyr107), proteinase 21 (HP21) functions as the direct activator for
probably equivalent to Phe96 in PPAFII clip. Locatedi® proPAP2 83, 34). HP21 is a group-lclip-domain serine
and with the side-chain pointing outward in the solution Proteinase. While the structure of HP21 clip domain is
structures, these aromatic residues may direct the recognitiorinknown, a positively charged patch is found in the similar
and binding of proPO. Perhaps a clip domain first interacts region (Figure 4B). Complementary electrostatic patches on
with proPO via the aromatic residues, and strong binding HP21 clip domain and PAP2 clip-2 may direct protein
follows through interactions between hydrophobic patches. recognition and interaction.

Putative Bacterial Interaction Surfacélhe fact that the The hypervariable sequence between Cys-3 and Cys-4 is
clip domain has the same disulfide bond linkages as defensinlikely responsible for recognition and binding specificity.
leads to the suggestion that clip domains might interact with Consistent with the large structural difference in this region
bacterial surfaces. Indeed; @otidl and co-workers showed ~ between PPAFII and PAP2 clip domains, we expect struc-
that the clip domain oPacifastacus leniuscullBAP inhibits ~ tural variations in the other subgroups.
bacterial growth 32). Examination of PAP2 clip structures Biological ImplicationsWhat could be the roles of PAP-
reveals a large, positively charged surface aroun@isieeet associated clip domains in the proPO activation? Based on
(Figure 7, middle panel). This surface is composed of the the solution structure, we propose that, upon bacterial
side-chains of Lys20, Lys24, Lys62 in clip-1 and Lys79, challenge, SPs may attract and later bind to the microbial
Lys82 in clip-2. The high net positive charge could facilitate surface through their clip domains which serve as anchors
electrostatic attraction and association to the polyanionic for forming immune protein complexes. Activating protein-
surfaces of bacterial cells. The positive charged patches onases associate with proPAP2 via electrostatic interactions.
the PAP2 clip domains are not derived from equivalent These specific interactions ensure that the defense response
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clip-2
FiGure 7: Electrostatic surface of clip domain-1 (upper row) and clip domain-2 (bottom row) in PAP2. The electrostatic surface on the

pB-sheet portion (middle panel), orientation shown in relation to the left panel. The electrostatic surface on the helix part (right panel)
corresponds to the orientation shown in Figure 4B, left panel. The surfaces are color-coded according to electrostatic potentifil: red,

kT; white, O kT; blue,+10 KT.

occurs in the vicinity of invading pathogens. PAP2 precursor
is activated by specific proteolytic cleavage in a manner
similar to the activation of chymotrypsinogen. During proPO
activation, clip domain may bind to the substrate through
its large, hydrophobic cavity and direct the proPO cleavage
by PAP2. These processes underscore the importance of clip

domains, which remain connected to the catalytic domains 8

after cleavage activatior®).
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