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Clip-domain serine proteases (SPs) have been identified in invertebrates as

crucial enzymes that are involved in diverse extracellular signalling pathways.

Prophenoloxidase (proPO) activating factor-I (PPAF-I), a catalytically active

clip-domain SP, cleaves proPO. To date, no crystal structures of a catalytically

active clip-domain SP have been determined. Here, the results of crystallization

and preliminary X-ray analysis of the SP domain of PPAF-I are reported. The

crystal of the PPAF-I SP domain was obtained using the hanging-drop vapour-

diffusion method in a precipitant solution containing 0.15 M lithium sulfate,

30% polyethylene glycol 4000 and 0.1 M Tris–HCl pH 8.0. The crystal diffracts

X-rays to 1.7 Å resolution using a synchrotron-radiation source. The crystal

belongs to space group P212121, with one molecule in the asymmetric unit and

unit-cell parameters a = 38.3, b = 53.3, c = 116.6 Å, � = � = � = 90�. A molecular-

replacement solution has been found using kallikrein as a starting model,

resulting in an interpretable electron-density map.

1. Introduction

Both vertebrates and invertebrates employ serine protease (SP)

cascades to mediate rapid and local reactions in response to diverse

physiological or pathological stimuli in the extracellular region. Clip-

domain SPs, which contain one or two clip domain(s) at the

N-terminus of the SP domain, have been identified in the immune

response and embryonic development of invertebrates. Easter from

Drosophila melanogaster is a well characterized clip-domain SP and is

expressed and secreted during oogenesis as an inactive zymogen

(Anderson, 1998; Morisato & Anderson, 1995).

Clip-domain SPs can be divided into catalytic and non-catalytic

groups according to their proteolytic activity. The non-catalytic group

members do not exhibit any proteolytic activity owing to replacement

of the serine residue at the active site by glycine. The overall structure

of the SP domain of the non-catalytic group is similar to those of

chymotrypsin-like SPs (Piao et al., 2005). In contrast, the SP domain

of the catalytic group is distinct from those of chymotrypsin-like SPs.

One feature of the SP domain of the catalytic group is the replace-

ment of two cysteine residues (Cys137 and Cys202 in the chymo-

trypsin numbering) which form a disulfide-bond linkage by other

amino acids (Fig. 1). Another distinctive feature is a short insertion

between the His and Asp residues of the catalytic triad (Fig. 1). The

short insertion contains two cysteine residues which are expected to

form a disulfide-bond linkage. Moreover, the short insertion has been

predicted to contain a calcium-binding site (Rose et al., 2003). The

clip-domain SPs containing the short insertion are referred to as

easter-type SPs because Drosophila easter exhibits the features

mentioned above. However, no crystal structures of a catalytically

active clip-domain SP have been determined.

Two easter-type SPs have been cloned and characterized from the

large beetle Holotrichia diomphalia (Kwon et al., 2000; Lee et al.,

1998). ProPO activating factors-I (PPAF-I) and III (PPAF-III) cleave

proPO and PPAF-II, a non-catalytic group member, respectively

(Kwon et al., 2000; Lee et al., 1998). Here, we report the crystallization

and preliminary X-ray crystallographic analysis of the SP domain of

PPAF-I from H. diomphalia.
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2. Materials and methods

2.1. DNA construction and protein purification

Overexpression and purification of the SP domain of PPAF-I

(residues 88–365) have been described previously (Piao et al., 2005).

The purified protein was concentrated to 5–10 mg ml�1 for crystal-

lization using an ultrafiltration device (Millipore).

2.2. Crystallization, data collection and X-ray analysis

The crystals of the SP domain of PPAF-I were obtained by the

vapour-diffusion technique at 287 K. Initial crystallization screening

was performed by the sitting-drop method with Crystal Screen HT, a

high-throughput sparse-matrix screening kit (Hampton Research,

USA), in a 96-well plate using 0.5 ml protein solution (10 mg ml�1)

mixed with 0.5 ml of each precipitant solution. Crystals of various

shapes were obtained in a few days in 12 of the 96 conditions. One

condition (0.2 M lithium sulfate, 30% polyethylene glycol 4000, 0.1 M

Tris–HCl pH 8.0), in which many tiny diamond-shaped crystals grew,

was chosen for optimization (Fig. 2). The crystallization conditions

were optimized to produce high-quality single crystals (0.2 mm in

diameter; Fig. 2) in droplets containing 1 ml protein solution

(5 mg ml�1) and 1 ml precipitant solution consisting of 0.2 M lithium

sulfate, 30% polyethylene glycol 4000, 0.1 M Tris–HCl pH 8.5. The

droplets were equilibrated by the hanging-drop vapour-diffusion

method against 1 ml of the same precipitant solution at 287 K for one

week.

2.3. Crystallographic data collection

For X-ray data collection, a single crystal was briefly immersed into

precipitation solution containing 10% glycerol as a cryoprotective

agent. The crystal was flash-frozen in a stream of nitrogen gas at

100 K. Diffraction data were collected from a single crystal on

beamline 4A of Pohang Accelerator Laboratory (Korea) at a wave-

length of 0.9794 Å using an ADSC Q210 CCD detector with an

exposure time of 2 s, a rotation angle of 1� and a crystal-to-detector

distance of 130 mm. Diffraction was observed to a maximum reso-

lution of 1.6 Å; however, data beyond 1.7 Å were weak and were not

included in the processing. A complete data set was indexed,

processed and scaled with DENZO and SCALEPACK from the

HKL-2000 program suite (Otwinowski & Minor, 1997).

3. Results and discussion

Crystallization of the full-length PPAF-I was unsuccessful despite

extensive screening of crystallization conditions. We suspected that

free motion between the two domains of PPAF-I prevents the crys-

tallization of full-length PPAF-I. In order to obtain crystals, we

separately expressed the clip and SP domains of PPAF-I according to

the boundary obtained from the proteolysis experiment reported

previously (Piao et al., 2005). The SP domain of PPAF-I was

successfully overexpressed for crystallization screening. However,

crystallization was not successful for the clip domain of PPAF-I.

Preliminary analysis of the X-ray diffraction data using the auto-

indexing routine in DENZO (Otwinowski & Minor, 1997) indicated

that the crystal belongs to the primitive system, point group 222, with
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Figure 1
Sequence alignment of the SP domains of clip-domain SPs with trypsin and chymotrypsin. Four easter-type SPs, PPAF-II and bovine trypsin and chymotrypsin (from top to
bottom; Hd, H. diomphalia; Dm, Drosophila melanogaster; Bt, Bos taurus; chymo, chymotrypsin) are shown. The alignment was performed using ClustalW (Thompson et al.,
1997) and then adjusted based on the conserved cysteine residues (shaded in cyan). The cleavage sites for zymogen activation are indicated by double lines and the catalytic
triads (His, Asp, Ser) at the active sites are highlighted. The calcium-coordinating residues of PPAF-II and trypsin are underlined. The easter-type SP-specific insertion,
indicated by a rectangle, contains two cysteine residues forming a putative disulfide bond. An invariant disulfide-bond linkage of SPs (Cys137 and Cys202 of chymotrypsin) is
absent from all the catalycally active clip-domain SPs and is marked with diamonds. Every ten amino acids of chymotrypsin are underlined with a residue number.



unit-cell parameters a = 38.3, b = 53.3, c = 116.6 Å, � = � = � = 90�.

Analysis of the X-ray diffraction pattern showed that along the h, k

and l axes reflections were only present if h, k and l = 2n, identifying

the space group as P212121. The data set was 98.4% complete in the

resolution range 100–1.70 Å, with Rmerge = 6.7%. The crystals contain

one molecule in the asymmetric unit, corresponding to a Matthews

coefficient (VM) of 1.9 Å3 Da�1 and a solvent content of 34.4%

(Matthews, 1968). The crystallographic parameters and data-

collection statistics are summarized in Table 1.

To date, many crystal structures of serine proteases have been

deposited in the PDB. Kallikrein, a plasma serine protease (PDB

code 2any; Tang et al., 2005), was chosen as a search model for

molecular replacement (MR) because it shares the highest sequence

identity (34%) with the SP domain of PPAF-I. The MR procedure

was performed with the program AMoRe (Navaza, 2001). The rota-

tion with the highest correlation coefficient was applied to the search

model and was used in the subsequent translation-function calcula-

tion. The calculation of the translation function gave one peak with a

correlation coefficient of 24.8%, while the next solution exhibited a

correlation of 20.5%. Rigid-body refinement with the best solution

yielded a correlation coefficient of 35.5% and an R factor of 51.5% in

the resolution range 10–3.5 Å. The solution produced an inter-

pretable electron-density map, although it gave a relatively high R

factor. The atomic model was refined using the program CNS to an

Rfree of below 30%. From the present model, the unique short

insertion containing two cysteine residues is visible in the electron-

density map, which will provide a clue as to how the insertion is

involved in the function of easter-type SPs.

In conclusion, we obtained a high-quality crystal of the SP domain

of PPAF-I and we are refining the structure of the SP domain of

PPAF-I using the diffraction data set from the crystal. The crystal

structure of PPAF-I will serve as a representative model of easter-

type SPs to elucidate the molecular mechanism by which the

clip-domain SPs recognize and catalyze the substrates in various

biological processes.
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Figure 2
A crystal of the SP domain of PPAF-I. Approximate dimensions are 0.2 � 0.1 �
0.1 mm. Eight divisions on the scale represent 0.1 mm.

Table 1
Data-collection and processing statistics.

Values in parentheses are for the highest resolution shell.

X-ray source Beamline 4A, Pohang Accelerator Laboratory
Wavelength (Å) 0.9794
Temperature (K) 100
Unit-cell parameters (Å, �) a = 38.3, b = 53.3, c = 116.6,

� = � = � = 90
Space group P212121

VM (Å3 Da�1) 1.9
Solvent content (%) 34.4
Resolution (Å) 100–1.70 (1.76–1.70)
Unique reflections 27064
Redundancy 7.7 (4.3)
Completeness (%) 98.4 (96.0)
Rmerge (%) 6.7 (25.8)
Average I/�(I) 34.0 (3.0)


