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The anaerobic bacterium Aeromonas sobria is known to cause
potentially lethal septic shock. We recently proposed that
A. sobria serine protease (ASP) is a sepsis-related factor that
induces vascular leakage, reductions in blood pressure via
kinin release, and clotting via activation of prothrombin. ASP
preferentially cleaves peptide bonds that follow dibasic
amino acid residues, as do Kex2 (Saccharomyces cerevisiae
serine protease) and furin, which are representative kexin
family proteases. Here, we revealed the crystal structure of
ASP at 1.65 A resolution using the multiple isomorphous
replacement method with anomalous scattering. Although
the overall structure of ASP resembles that of Kex2, it has a
unique extra occluding region close to its active site. More-
over, we found that a nicked ASP variant is cleaved within the
occluding region. Nicked ASP shows a greater ability to
cleave small peptide substrates than the native enzyme. On
the other hand, the cleavage pattern for prekallikrein differs
from that of ASP, suggesting the occluding region is impor-
tant for substrate recognition. The extra occluding region of
ASP is unique and could serve as a useful target to facilitate
development of novel antisepsis drugs.

Aeromonas species are Gram-negative facultative anaerobic
bacteria found ubiquitously in a variety of aquatic environ-
ments (1). The main syndrome caused by infection with
Aeromonas is gastroenteritis (2, 3), although, in severe cases,
sepsis is induced as a deuteropathy (4, 5). Two species, Aero-
monas hydrophila and Aeromonas sobria, are associated
with human disease (6, 7). Factors thought to play important
roles in the pathogenesis include fimbrial and afimbrial
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adherence factors; a variety of exotoxins, including hemoly-
sin, cytotonic enterotoxin, heat-stable enterotoxin, and
heat-labile enterotoxin; and several secreted proteases and
lipases (8 —12). Recently, we purified a 65-kDa A. sobria ser-
ine protease (ASP)? from the culture supernatant of A. so-
bria and found that the enzyme induces vascular leakage,
reduces blood pressure through activation of the kallikrein/
kinin system (13), promotes human plasma coagulation
through activation of prothrombin (14), and causes the for-
mation of pus and edema through the action of anaphyla-
toxin C5a (15). From these observations, we concluded that
ASP mediates the induction of disseminated intravascular
coagulation through a-thrombin production, which is a
common and deadly consequence of sepsis (14).

ASP is a kexin-like serine protease belonging to the sub-
tilisin family (subtilases) (16), which can be subdivided into
six groups: the subtilisins, thermitases, proteinase K, lantibi-
otic peptidases, pyrolysins, and kexins. Among the kexins,
the first identified was Kex2 (17), which is expressed by Sac-
charomyces cerevisiae; subsequently, the mammalian kexin-
like protease furin was identified (18). Furin processes the
precursors of biologically active peptides and proteins via
limited proteolysis at paired basic amino acids to generate
biologically active molecules (19). The domain structures of
kexins and furins include a signal peptide, a partially con-
served propeptide, a highly conserved subtilisin-like domain
containing the characteristic Asp, His, and Ser catalytic res-
idues, a relatively well conserved region called the P-domain,
and a transmembrane domain followed by a cytoplasmic tail
(20-22). Kex2 usually shows a high degree of specificity for
cleavage after dibasic (P2-P1: Lys-Arg or Arg-Arg) or multi-
ple basic residues (23). Among the kexins, which are nearly
all eukaryotic and share a substantial degree of sequence
homology (>40%), ASP is positioned as the most distant
member of this family on the phylogenetic tree (16). The
domain structure of ASP consists of the propeptide, the cata-
lytic subtilisin-like domain, and the P-domain. For maturation
of ASP, the first 24 residues of the propeptide are cleaved, and

2 The abbreviations used are: ASP, Aeromonas sobria serine protease; MCA,
methylylcoumaryl-7-amide; PEG, polyethylene glycol; HPLC, high perform-
ance liquid chromatography; MALDI-TOF MS, matrix-assisted laser desorp-
tion ionization time-of-flight mass spectrometry; PK, prekallikrein; L, loop;
CHES, N-cyclohexyl-2-aminoethanesulfonic acid.
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although a functional P-domain is reportedly necessary for
maturation of the subtilisin domain in kexins (24, 25), the func-
tion of the P-domain in ASP remains unknown. Notably, in an
earlier study of ASP expression, we found that for the matura-
tion of the ASP subtilisin domain, another gene product,
encoded by open reading frame 2, is required to serve as a chap-
erone in the periplasmic space (26).

Here, we report the crystal structure of wild-type ASP as a sep-
sis-related factor at 1.65 A resolution. We found that ASP has a
unique occluding region at the active site within the subtilisin
domain and that a different form of ASP that is cleaved within the
occluding region shows a different pattern of proteolysis from the
native enzyme. Our findings suggested that the novel occluding
region plays an important role in determining substrate specificity
and that because it is unique, it could facilitate development of
novel antisepsis drugs that have no inhibitory effect on furin-like
human proteases.

EXPERIMENTAL PROCEDURES

Crystallization—We purified ASP from the culture superna-
tant of the A. sobria T94 strain transformed with pSA19-
5528, including the asp and orf2 genes as described previ-
ously (12), and its sequence has been already registered in
GenBank under the accession number AF253471. The sitting
drop vapor diffusion method with polyethylene glycol (PEG)
was used to prepare ASP crystals, which grew in 3—4 days at
a PEG concentration of 10%. The droplets contained 10
mg/ml of ASP protease, 5% PEG 3000, and 50 mm CHES at a
pH of 9.5. After reaching maximum dimensions of about 50
pm X 50 um X 60 wm, the crystals were placed in mother
liquor containing 40% trehalose and then briefly soaked and
flash-vitrified in liquid nitrogen. Heavy atom derivatives
were made by soaking the crystals in mother liquor contain-
ing a heavy atom compound (1 mm) for 24 h at 20 °C. ASP
crystallizes in the space group P2, with unit cell parameter
a=498A,b=112.0A,c =518 A, and B = 110.7 and 42%
solvent content.

Phase Determination and Model Building—Initial phases
were determined by the method of the multiple isomorphous
replacement with anomalous scattering method using one
native data set and three derivative data sets (thimerosal and
mersalyl acid) using R-AXIS VII and FR-E at 100 K. The
initial multiple isomorphous replacement with anomalous
scattering phasing (three mercury derivatives) was carried
out at 2.0 A using SOLVE (27) and gave a figure-of-merit of
0.34 and a score of 24.9. The quality of the electron density
map was excellent. After solvent flattening, the chain was
traced automatically using RESOLVE (28), and 79.6% (478
amino acids) of the model was constructed. Several cycles of
manual building using XTALVIEW (29) and refinement
using CNS (30) were then performed. At this stage, another
high resolution data set (1.65 A) was obtained using synchro-
tron radiation at Photon Factory AR NW12 (Table 1) at 100
K, and data processing was carried out using HKL2000 (31).
The initial model was then subjected to refinement and iter-
ative model building against the high resolution data. Finally,
we subjected TLS refinement (41) using REFMACS5 (32) and
manual refinement using MolProbity (33) and Coot (34). At

27656 JOURNAL OF BIOLOGICAL CHEMISTRY

this stage, we found that our previous report about the asp
nucleotide sequence might be partially wrong. To resolve
this suspicion, we carefully reconfirmed the sequence. Con-
sequently, we found that four residues at positions 70 (His),
114 (Gly), 176 (His), and 179 (Arg) must be revised because
of our wrong nucleotide sequence determination. These
amino acid residues were instead Gln, Ala, Gln, and Gly,
respectively. We have already revised the sequence on Gen-
Bank (accession number AF253471). The final R factor and
R;.. were 16.8% and 20.1%, respectively. The final model
included residues 3—595, three calcium ions, and 700 water
molecules (supplemental Fig. S1). Two N-terminal and five
C-terminal residues were missing from the electron density
map.

Model of ASP in Complex with Substrate—A model of ASP in
complex with a substrate was created by referring to the crystal
structure of Kex2 with the inhibitor Ac-Arg-Glu-Lys-boroArg
peptidyl boronic acid bound (35). First, ASP was superimposed
to the structure of Kex2 with inhibitor (Protein Data Bank code
1R64). Second, the inhibitor of Kex2 and ASP was extracted.
The amino acid was swapped from arginine to lysine in P1, and
finally, the torsion angel of this P1 lysine and P3 glutamate was
modified to contact with Arg-566.

Purification of Nicked ASP—To purify ASP, A. sobria strain
T94 harboring pSA19-5528 was cultured in Luria broth sup-
plemented with chloramphenicol (50 ug/ml) for 20 h at 37 °C
with shaking (12). After cultivation, the cells were removed
from the culture fluid by centrifugation, and ammonium sulfate
was added to the supernatant to 50% saturation. The resultant
precipitate was removed by centrifugation (18,000 X g for 30
min), and ammonium sulfate was added to 60% saturation. The
solution was kept at 4 °C for 15 h, after which the precipitate
was collected by centrifugation (18,000 X g for 45 min), dis-
solved in 1 mm phosphate buffer (pH 7.2), and dialyzed against
the same buffer. The resultant protein solution served as the
crude sample.

The crude sample was loaded onto a hydroxyapatite column
(Seikagaku Kogyo Co., Tokyo, Japan) equilibrated with 1 mm
phosphate buffer (pH 7.2). After washing the column with the
same buffer, the adsorbed material was eluted first with a linear
gradient of 1 to 120 mm phosphate buffer (pH 7.2) and with a
gradient of 120 - 600 mwm phosphate buffer (pH 7.2). The pro-
teolytic activity in each fraction was assessed by cleavage of
azocasein (Wako Chemical Co., Tokyo, Japan). Fractions show-
ing activity were collected, concentrated 20-fold by ultrafiltra-
tion (Vivaspin 20 Polyethersulfone 30,000 molecular weight cut
off; Vivascience, Inc., Gottingen, Germany), and diluted 3-fold
with water to lower the phosphate concentration. The sample
was loaded onto a hydroxyapatite column in an HPLC system
(Bio-Scale CHT2-I column; Bio-Rad Laboratories). After wash-
ing the column, the adsorbed material was eluted with a linear
gradient of 1-100 mm phosphate buffer.

Mass Spectrometry—A matrix-assisted laser desorption
ionization type mass spectrometer (Kompact MALDI 4 tDE;
Shimadzu, Kyoto, Japan) was used for determination of the
molecular mass of ASP. A sample from fraction Y of the
hydroxyapatite column chromatography (see Fig. 4B) was
mixed with 3,5-dimethoxy-4-hydroxy-cinnamic acid (10
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TABLE 1
Data collection and refinement statistics

Structural Basis of A. sobria Serine Protease

Thiomerosal 01

Mersalyl acid

Native 1 (anomalous data) Thiomerosal 02 (anomalous data) Native 2
Data collection

Radiation source R-AXIS VII/FR-E PF-ARNW12
Wavelength (A) 1.5418 1.5418 1.5418 1.5418 1.00
Resolution range (A) 50.0-1.9 50.0-2.0 50.0-2.0 50.0-2.43 50.0-1.65
Highest resolution shell (A) 2.0-1.9 2.11-2.00 2.11-2.00 2.52-2.43 1.74-1.65
No. of unique reflections 42,545 61,942 31,397 20,913 62,466 (8734)
Redundancy 2.9 (2.1) 1.4 (1.4) 2.6 (2.3) 6.1(5.8) 3.7 (3.4)
Completeness (%) 97.1 (82.5) 84.6 (70.8) 83.9 (77.9) 99.6 (98.8) 98.7 (94.9)

Ry, (%) 7.5 (29.3) 8.4 (30.0) 8.7 (30.0) 5.7 (17.1) 3.9 (13.7)
1io() 7.1(L.9) 4.8 (1.5) 6.7 (1.9) 9.4 (2.3) 225 (6.2)

i 3.7 (12.3)
R (R0 7.0 (22.8)
MIRAS? phasing FOM 0.34
SOLVE score 24.91

Refinement

Resolution (A) 1.65
Ry (%)° 16.8

e (% 20.1
No. of calcium ions 3
No. of water molecules . 700
r.m.s.d/ from ideal bond length (A) 0.014
r.m.s.d. from ideal bond angles 1.571°
Ramachandran plot

Residues in most favorable regions (%) 87.5

Residues in additional allowed regions (%) 119

Residues in generously allowed regions (%) 0.4

Residues in disallowed regions (%) 0.2
Space group P2,/unit cell parameters

Native 1 a=>507,b=112.3, 0—540A a=vy=90°,pB=113.0°

Thiomerosal 01 a=504,b=1121,c=535Aa=y=90°, B =112.6°

Thiomerosal 02 a=50.7,b=1124, C—5391:\ a=1vy=90°,pB=1129°

Mersalyl acid a=506b=1124,c=538 A;a=y=90°, = 1128

Native 2 a=49.7,b=112.0,c =518 A;a = y=90°, B = 110.7°

= Sy B () — /3, S 1
= 3,(L/N = DV () —

sym
pln\

‘R

rim (Rieas) =

I}’“\/E WS 17K where N is the multiplicity of the observed reflection.
S (N/N — 1)”22’" (R — Tk s, SN 12K where N is the multiplicity of the observed reflection.

4 MIRAS multiple isomorphous replacement method with anomalous scattering; r.m.s.d., root mean square deviation.

Ryyoric = ZFobs| = |Fearell/ 2| Fos-
Ry, was calculated with randomly selected reflections (5%).

mg/ml in 50% acetonitrile containing 0.05% trifluoroacetic
acid). After drying, the sample was dissolved in distilled water,
and the molecular mass of ASP was measured using the spec-
trometer according to the manufacturer’s instructions.

The Proteolytic Activity of ASP—We assessed the proteo-
lytic activity of ASP based on its ability to cleave Boc-Glu-
Lys-Lys-4-methylylcoumaryl-7-amide  (MCA) (Peptide
Institute, Inc., Osaka, Japan). The reaction was started by
adding 50 ul of protease solution containing ASP or nicked
ASP to 700 ul of solution containing the peptide at a con-
centration of 1.1 mm. The concentration of protease in the
reaction mixture was 0.493 ng/ul, and the solvent used was
10 mm sodium phosphate buffer (pH 7.5). After incubation at
37 °C for 30 min, the reaction was stopped by adding 750 ul
of acetic acid (130 mmMm). The fluorescence of the solution
(Aexy = 340nmand A,,, = 440 nm) was measured to assess the
amount of 7-amino-4-methyl-coumarin formed. To test the
ability of nicked ASP to cleave prekallikrein B1 (PK) (EMD
Biosciences, Inc., LaJolla, CA), 5 ug of PK were incubated for
30 min at 37 °C with various amounts of nicked ASP (0.17 ug,
0.34 g, 0.50 ug, and 0.67 ug) in 15 ul of 10 mm sodium
phosphate buffer (pH 7.5). ASP was not added to the sample
in lane 1 (see Fig. 6B). After incubation, sample buffer con-
taining SDS and 2-mercaptoethanol was added to each solu-
tion, which was heated at 100 °C for 5 min. The samples were
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separated by SDS-PAGE, and the gel was stained with Coo-
massie Brilliant Blue.

RESULTS

Overview of the Structure of ASP—Following the x-ray
crystallography carried out as described above, the final
structure obtained consisted of residues 3—595 of a protein
with the sequence of ASP, three Ca®>" ions, and 700 water
molecules. The ASP molecule consists of two regions, an
N-terminal region extending from Gly-3 to Pro-431 and
forming the subtilisin domain and a C-terminal region
extending from Leu-432 to His-595 and forming the P-do-
main (see Fig. 2A4). As we predicted from the sequence, the
structure of ASP is similar to those of Kex2 and furin. Super-
imposition of subtilisin, furin, and Kex2 gave overall Ca root
mean square deviations of 2.5 A, 2.2 A, and 2.1 A for 245, 445,
and 452 amino acids, respectively. When the structure of
ASP was superimposed on that of Kex2, a prominent differ-
ence was seen in the protruding regions marked by circles in
Fig. 2B, although the two structures overlapped fairly well in
the subtilisin domain and P-domain.

Structure of the Subtilisin Domain—The core of the subtili-
sin domain consists of 10 helices (al-al0) and twelve
B-chains (81-B10 and B13-314) (Fig. 1). Superimposition
of ASP on Kex2 (Fig. 2B) revealed that the fold of the N-ter-
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p25
ASP:
Kexin:
Furin:
Subtilisin:

FIGURE 1. Structure-based sequence alignment of ASP, kexin, furin, and subitilisin. Identical and similar
residues are shown in red and yellow, respectively. The catalytic Asp, His, and Ser residues are shown in green.
Secondary structures and extra regions are also shown. The residues are numbered (3-595) from the amino-

terminal residue of ASP.
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minal domain of ASP resembles
that of the catalytic domain of
Kex2, which was previously shown
to be similar to those of subtilisin
and other subtilisin-related pro-
teases (35). The Kex2 catalytic site
contains the catalytic Asp, His,
and Ser residues characteristic of
subtilisins, and the corresponding
residues are present in ASP as
Asp-78, His-115, and Ser-336 (Fig.
3B). On the other hand, four loops
(L) protrude from the N-terminal
subtilisin domain of ASP: Gly-3—
Pro-26 (L1), Asn-221-Phe-241
(L2), Gly-300-Cys-326 (L3), and
GIn-377-Glu-397 (L4). L1, L2,
and L3 have random coil struc-
ture, whereas L4 forms a 3-hairpin
that protrudes toward the P-do-
main (Fig. 2B). Moreover, two
disulfide bridges are formed
between Cys-4 and Cys-24 in L1
and between Cys-301 and Cys-326
in L3, which stabilize those loops.

Structure of the P-domain—The
C-terminal region of Kex2 is
referred to as the P-domain. The
core of the P-domain in ASP con-
sists of a jelly roll-like fold with eight
B-strands (816, 818 —323, and 326)
(Fig. 1). As illustrated in Fig. 2B, the
structure of the ASP P-domain is
similar to that of Kex2, although
there are specific structures that
form a unique occluding region (Fig.
3A) in ASP (Fig. 2B) that is not seen
in Kex2. This extra occluding region
is comprised of two parts, pL1 (Gly-
521-Thr-525, B5, B6, and «12) and
pL2 (Gly-557-Asn-578, (25, and
325), and is particularly interesting
because it is situated close to the
catalytic triad Asp-78, His-115, and
Ser-336 (Fig. 3B).

Three Ca”* Binding Sites—Three
Ca?" binding sites were assigned to
ASP based on electron density,
counter charges, and coordination.
Two of these sites (Cal and Ca2) are
situated in the N-terminal domain,
and the third site (Ca3) is situated in
the C-terminal domain (Fig. 24). In
Kex2, by contrast, two Ca®" binding
sites are located in the vicinity of the
catalytic site, and a third is at a posi-
tion corresponding Ca2 in ASP. The
two Ca”>" ions in the vicinity of the
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FIGURE 2. Overall structure of ASP. A, stereo ribbon representation of the overall structure of ASP. The
domain architecture is shown in different colors: the N-terminal subtilisin domain (amino acids 3-431) is
shown in yellow, and the C-terminal P-domain (amino acids 432-595) is shown in purple. Three bound
Ca?" ions are shown as greenish cyan spheres. B, superimposed stereo view of ASP (yellow and purple as in
A) and Kex2 (orange). The four loops in the N-terminal domain of ASP are labeled L1, L2, L3, and L4,
whereas the two parts of the unique extra occluding region in the C-terminal domain are labeled as pL1
and pL2.

cleavage
site
in nicked-ASP '\

FIGURE 3. Structure of extra occluding region of ASP. A, the extra occluding region consisting of L2, pL1,and
pL2 is shown in purple. Other regions and Ca?* ions are shown in gray and greenish cyan, respectively. The
cleavage site between residues 519 and 520 of nicked ASP is indicated by the arrow. B, a close-up view of the
catalytic site is shown. The color scheme is the same as in A, except for the catalytic triad (green).

catalytic site are indispensable for the enzymatic activity of
Kex2 (35), which makes it noteworthy that ASP contains no
Ca®" binding sites near its catalytic site.
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Analysis of Nicked ASP Using
Mass Spectrometry—In earlier stud-
ies, we purified ASP through a series
of successive column chromatogra-
phy steps using a DEAE-Sephadex
A-25 column, a hydroxyapatite col-
umn, and a gel filtration column in
an HPLC system (12). Because that
method was both laborious and
time-consuming, we have devel-
oped an improved method that
entailed expressing recombinant
ASP in A. sobria T94, a strain we
found to produce large amounts of
ASP. After cultivation of the ASP-
expressing cells, the culture super-
natant was collected after centrifu-
gation and salted out with 50%
saturated ammonium sulfate. The
precipitate was then collected by
centrifugation but showed little
proteolytic activity. We therefore
presumed that the majority of ASP
remained in the supernatant. To
collect ASP, this time we added
ammonium sulfate to 60% satura-
tion, and the precipitate generated
was again collected by centrifuga-
tion. This material showed strong
proteolytic activity and was used as
the crude ASP sample.

The crude sample was dialyzed
against 1 mm phosphate buffer and
separated by hydroxyapatite col-
umn chromatography. The frac-
tions eluted with ~90 mm phos-
phate showed proteolytic activity
(Fig. 4A) and were thus separated
further on a hydroxyapatite column
in an HPLC system (Fig. 4B). Two
peaks, eluted with 43 and 62 mm
phosphate, respectively, showed
proteolytic activity. These peaks
were designated fractions X and Y
(Fig. 4B) and were analyzed by SDS-
PAGE (Fig. 5A). The analysis
showed the molecular mass of the
protein in fraction X to be ~64,000
Da (Fig. 5A, lane 2). Because the the-
oretical value of full-length ASP is
64,210.61 Da, the protease eluted in
peak X was thought to be full-length
ASP.

On the other hand, the molecular
mass of peak Y was estimated to be

~58,000 Da (Fig. 5A, lane 3). To determine the nature of the
protein in fraction Y, we transferred the band from the gel to a
nitrocellulose membrane and determined the amino acid
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A

carboxyl-terminal peptide gener-
ated by the cleavage is bound to the
main body of the protein, which
would form the nicked ASP eluted
in fraction Y during hydroxyapatite
column chromatography (Fig. 4B).
However, SDS-PAGE would be
expected to denature the protein
and detach the carboxyl peptide
from the main body (Fig. 54, lane 3).

The molecular mass of the pep-
tide that was detached from the
main body of the protein was esti-
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FIGURE 4. Purification of two types of ASP. A, the crude sample was loaded onto a hydroxyapatite column
equilibrated with 1 mm phosphate buffer (pH 7.2). After washing the column, the adsorbed material was eluted
first with a linear gradient of 1-120 mm phosphate buffer and then with a gradient of 120 to 600 mm phosphate
buffer. B, fractions presenting proteolytic activity are indicated by the horizontal bar in A. The active fractions
from A were collected and concentrated 20X, after which the sample was diluted 3-fold with water and loaded
onto a hydroxyapatite column in a HPLC system. After washing, the adsorbed material was eluted with a linear
gradient of 1-100 mm phosphate buffer. Two peaks, designated fractions X and Y, expressed proteolytic

activity.

sequence at the N terminus. We found the sequence to be NEG-
CAPLT, which is identical to that of full-length ASP (16), sug-
gesting the protein in peak Y is an ASP variant whose N-termi-
nal region remains intact but whose C-terminal region is
truncated. The amount of the intact form (peak X) was ~1.3-
fold larger than that of the nicked form (peak Y). We think that
appearance of the nicking form (peak Y) is not due to the puri-
fication procedure because both proteins had been already
observed in the culture supernatant before purification.

For a more detailed analysis of the protein eluted in fraction
Y, we next subjected the fraction to MALDI-TOF MS (AXIMA-
CFR; Shimazu Biotech, Kyoto, Japan). Three peaks were
observed with m/z values of 64,056.13, 54,853.41, and 9,120.25,
respectively (Figs. 5B and 2C). We determined that the molec-
ular mass of the protease in lane 3 of Fig. 5A was 54,853.41 Da
and that the protein extended from residues 1 to 519 of the
mature ASP. (The theoretical molecular mass of this region is
54,881.17 Da.) Thus, the cleavage appears to have occurred
between residues 519 and 520 of ASP. It also appears that the
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0 mated to be 9,120.25 Da (Fig. 5B),
which would account for the region
520-598. (The theoretical valve for
this fragmentis 9,104.19 Da.) A pep-

300

.—100 g tide of that size would have been too
E  small to detect by SDS-PAGE under

= the conditions used, so it is not sur-

% prising that no corresponding band

ﬁ was observed on the gel (Fig. 5A).

= During the MALDI-TOF MS exper-

'é.. iment, the components of the

S majority of nicked ASP disassociat-

i ed; however, a small portion of the

’ . nicked ASP likely remained in the

associated form to yield a peak at
64,056.13 (Fig. 5B). From these
results, we conclude that ASP was
cleaved between residues 519 and
520 and that the carboxyl-terminal
peptide generated by the cleavage
was bound to the main body of the
protein to give the nicked form of
ASP. The cleavage site is shown in
Fig. 3A.

Is such a nicking process autocat-
alytic? To answer this question, we
carried out another study using the mutant strain producing
ASP(H115A), whose histidine residue at position 115 in the
active site was substituted with Ala. The ASP(H115A) mole-
cules were secreted into the milieu as seen in ASP-producing
cells. Although ASP(H115A) did not show any proteolytic
activity, the nicked form was still observed. As shown in Fig. 54
(lanes 4 and 5), we could isolate both intact and nicked forms
from the culture supernatant of the ASP(H115A)-producing
cells. Moreover, the amino acid residues around the cleavage
site of the nicked ASP were composed of neutral amino acid
residues, although ASP preferentially cleaves the peptide bond
that follows two basic amino acid residues (36). Based on these
results, we consider that the nicking must be proceeded via
proteolytic action by any bacterial protease other than ASP.

Proteolytic Activity of Nicked ASP—We previously showed
that ASP preferentially cleaves peptide bonds that follow two
basic residues, one of which is Lys, and that the synthetic pep-
tide substrate Boc-Glu-Lys-Lys-MCA, as well as PK, are effi-
ciently cleaved by ASP (36). To determine the proteolytic activ-
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FIGURE 5. Analysis of nicked ASP using mass spectrometry. A, SDS-PAGE
(10% polyacrylamide gel) of the purified samples from fractions X (lane 2) and
Y (lane 3) in Fig. 4B. Similarly, we also obtained the purified samples from two
fractions corresponding to X (lane 4) and Y (lane 5) using the mutant strain
producing ASP(H115A). Numbers along the side indicate molecular masses in
kDa. Lane 1, molecular mass standards. B and C, a sample of lane 3 in A was
analyzed by a matrix-assisted laser desorption ionization type mass spec-
trometer following the method described in the text. The mass values of each
peak are shown on the figure.

ity of nicked ASP, we initially incubated the synthetic peptide
with nicked ASP, and we compared the activity of the enzyme
with that of native ASP. We found that the amount of coumarin
generated from the synthetic peptide by the action of nicked
ASP was higher than that generated by intact ASP (Fig. 64),
indicating nicked ASP has a greater ability to cleave the small
synthetic peptide than the native enzyme.

To further examine the ability of the nicked ASP to hydrolyze
a protein substrate, we incubated nicked ASP with PK and again
compared its activity with that of native ASP (Fig. 6B). In tubes
6,7,8,and 9, we incubated 5 ug of PK with 0.17 g, 0.34 ug, 0.50
wg, and 0.67 ug of nicked ASP, respectively, whereas PK was
incubated with native enzyme in tubes 2, 3, 4, and 5. After incu-
bation for 30 min at 37 °C, the samples were subjected to SDS-
PAGE analysis. Both full-length ASP and nicked ASP hydro-
lyzed PK in a dose-dependent manner, but the SDS-PAGE
pattern of the sample incubated with the full-length ASP was
different from that of nicked ASP. Whereas a substantial
amount of apparently undigested PK (86 kDa) remained, even
after incubation with 0.67 ug of the nicked ASP, almost all the
PK was cleaved after treatment with the same amount of native
ASP (Fig. 6B, lanes 9 and 5). Moreover, a novel band appeared at
37 kDa after incubation with nicked ASP, which suggests that
substrate recognition by nicked ASP differs from that by native
ASP.

DISCUSSION

In this report, we determined the tertiary structure of ASP,
which is considered to be a member of the subtilase family of
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FIGURE 6. Proteolytic activity of ASP. Boc-Glu-Lys-Lys-MCA and PK were
incubated with ASP or nicked ASP. A, the proteolytic activity of ASP or nicked
ASP was measured using a fluorogenic synthetic peptide substrate, (Boc)-
Glu-Lys-Lys-MCA. B, samples of PK (5 ng) were incubated for 30 minat 37 °Cin
15 pl of solution containing various amounts of ASP (0.17 ug, 0.34 ug, 0.50
g, or 0.67 ng). ASP was not added to the sample for lane 1. After incubation,
these samples were separated by SDS-PAGE. Molecular masses are calibrated
on the side.

enzymes characterized by the catalytic Asp, His, and Ser triad.
In ASP, these residues are confirmed to be located at positions
78, 115, and 336, respectively (Fig. 3B). In addition, the sub-
strate specificity of ASP resembles that of Kex2 and furin, which
are representative of this group of proteases. Given that ASP
cleaves the peptide bond that follows two basic amino acid res-
idues, we predicted that the structure of the catalytic site of ASP
would resemble those of Kex2 and furin, which was confirmed
by our analysis of the crystal structure of ASP. Nonetheless,
there are some important differences in the structures of these
proteases.

The amino acid sequences of Kex2 and furin share 38%
identity, and their tertiary structures are similar. The crystal
structures of Kex2 and furin have a common fold, and the
catalytic residues and the residues involved in P1 recognition
and active site Ca®>" binding are completely conserved (16,
35, 37, 38). There is a small difference in the amino acid
residues involved in the P2 and P4 recognition sites, how-
ever; because of this difference, the substrate specificity of
Kex2 differs somewhat from that of furin. Kex2 recognizes
Arg or Lys at P2, and, at P4, it has a dual specificity for basic
and branched chain aliphatic amino acids (16). Conse-
quently, the suitable substrate sequence for Kex2 is thought
to be Arg(aliphatic residue)-X-Arg(Lys)-Arg. By contrast,
furin is less selective at P2, and the interaction between furin
and the substrate relies more heavily on interactions at P1
and P4. Finally, the furin cleavage site is known to be the
amino-terminal peptide bond following Arg-X-X-Arg (37,
39, 40).

JOURNAL OF BIOLOGICAL CHEMISTRY 27661



Structural Basis of A. sobria Serine Protease

E350
C none D?Ezzfiz
$385 G313 D277u/Sn
$336/Bor G217 none \CA)
D325
D247

ol
D175

D78 | ? P2 P3
D17q%é;::{

D79 10

D112
E25 P4
nond’
W158 1250 Extra occluding region
Q153 of
P-domain(ASP)

FIGURE 7. Structural comparison of the subsites in ASP and Kex2. A, close-up view of catalytic site of
S. cerevisiae Kex2 with a bound inhibitor (Protein Data Bank code 1R64), which is shown in light orange. One
Ca?" ion bound to Kex2 is shown as orange spheres. The important residues making up the subsites are shown
as orange sticks. B, close-up view of the catalytic site of ASP with a bound substrate model (Lys-Lys-Glu). The
important residues that make up the subsites are shown as red sticks. The Ca?* ion bound to ASP is shown as
greenish cyan spheres. The extra occluding region is shown in purple. C, schematic representation of the subsites
of Kex2 and ASP. The site of Kex2 and ASP are labeled in red and black letters.

ASP preferentially cleaves the peptide bond that follows two
Lys residues (36). A schematic representation of the binding of
the peptide Arg-Glu-Lys-Lys to ASP is illustrated in Fig. 7B. For
comparison, the binding of the peptide Arg-Glu-Lys-Arg to
Kex2 is depicted in Fig. 7A, and the two binding modes are
summarized in Fig. 7C, where residues depicted in red and
black are from Kex2 and ASP, respectively. The surface of the
catalytic site has a strong negative charge. In Kex2, the S1 site
contains four negatively charged residues (Asp-277, Asp-320,
Asp-325, and Glu-350), along with a buried Ca®>* cation, which
are involved in the selection of the amino acid residue at P1 (e.g.
Arg). However, neither the corresponding residues nor the
Ca?" are present in ASP. The S1 site seems to have large space
because of a lack of calcium ion and Glu-242, located at the
bottom of the S1 site, could function to select the substrate at
the S1 site. As a result, Lys becomes the favored at P1 for
ASP. The residues involved in determining substrate specificity
at the Kex2 S2 site (Asp-176 and Asp-210) are conserved in ASP
(Asp-79 and Asp-112) (Fig. 7C). It is therefore reasonable that
ASP requires the presence of a Lys residue at P2. In the Kex2 S4
site, Glu-255 and Ile-250 are reportedly involved in the selec-
tion of basic and branched chain aliphatic amino acids at P4 of
the substrate. No amino acid corresponding to Glu-255 is pres-
ent in ASP. Trp-158 and Gln-153 of ASP may be involved in
substrate selection, and it is noteworthy that Arg-566, Arg-569,
and Glu-567, located in the novel occluding region in the P-do-
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main, probably also affect recogni-
tion of protein substrates by ASP.

We eventually purified a stable
form of nicked ASP and were able
show a difference between the pro-
teolytic activities of nicked ASP and
the native enzyme. The cleavage site
in nicked ASP is just behind the
region formed by Arg-566, Arg-569,
and Glu-567 in the extra occluding
region. Against PK, nicked ASP
showed a different proteolytic pat-
tern, and against a small substrate,
nicked ASP showed much greater
activity than native ASP. These
observations suggest that the cleav-
age is affected by the difference in
the structure and/or flexibility of
the extra occluding region, which
ultimately results in a difference in
the pattern of proteolysis. Although
this occluding region, which is
unique to ASP, appears to be impor-
tant for determining substrate spec-
ificity with protein substrates like
PK, with other proteins it may act as
a steric obstacle. Although it is an
open question as to why nicked ASP
facilitates activity against low
molecular mass substrates, we sug-
gest that the greater flexibility of
nicked ASP may facilitate activity.
Lastly, we would like to stress that ASP possesses unique fea-
tures that distinguish it from the human protease. This unique
occluding region identified in ASP could facilitate development
of novel antisepsis drugs that have no inhibitory effect on other
furin-like human proteases.
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