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Pitrilysin from Escherichia coli was overproduced,

purified, and analyzed for enzymatic activity using 14

peptides as a substrate. Pitrilysin cleaved all the

peptides, except for two of the smallest, at a limited

number of sites, but showed little amino acid specificity.

It cleaved �-endorphin (�-EP) most effectively, with a

Km value of 0.36�M and a kcat value of 750min�1. �-EP

consists of 31 residues and was predominantly cleaved

by the enzyme at Lys19–Asn20. Kinetic analyses using a

series of �-EP derivatives with N and/or C-terminal

truncations and with amino acid substitutions revealed

that three hydrophobic residues (Leu14, Val15, and

Leu17) and the region 22–26 in �-EP are responsible

for high-affinity recognition by the enzyme. These two

regions are located on the N- and C-terminal sides of the

cleavage site in �-EP, suggesting that the substrate

binding pocket of pitrilysin spans its catalytic site.
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Escherichia coli pitrilysin (EC 3.4.24.55), which has
also been designated as protease III or Pi, is a metal-
lopeptidase that requires divalent cations, such as Zn2þ,
Co2þ, Mn2þ, and Ca2þ, for activity.1,2) It is a periplasmic
enzyme3) and acts in monomeric form.2,4) The ptr gene
encoding this enzyme is located in the chromosome
between the recB and recC genes, which encode
subunits of endonuclease V.5) The physiological role
of pitrilysin is not known, because gene disruption
studies have indicated that this enzyme is not essential
for normal cell growth.6,7) The nucleotide sequence of
the ptr gene reveals that pitrilysin is synthesized in a

precursor form, which contains a typical signal peptide
with 23 amino acid residues at the N-terminus.8) This
signal peptide is expected to be removed upon secretion
into the periplasmic space to produce a mature form of
the enzyme that is composed of 939 amino acid residues
with a molecular mass of 105,108Da.

Pitrilysin shows amino acid sequence identities of 21–
29% with mammalian insulysins (insulin-degrading
enzymes, IDEs),9–11) rat N-arginine dibasic conver-
tase,12) zinc metalloprotease from plants,13) human
metalloprotease 1 (MP1),14) chloroplast processing en-
zyme (CPE),15) falcilysin from malaria parasite,16) and
yeast AXL1 protease.17) All of these enzymes, which are
members of the insulysin family or metallopeptidase
clan ME family M16 according to Rawlings,18) contain
the active-site sequence motif HXXEH(X)nE, where n is
76 in most cases and X could be any amino acid. The
initial five-residue sequence motif (HXXEH) is an
inversion of the active-site motif (HEXXH) found in
other metallopeptidases, such as thermolysin and amino-
peptidases.19) Site-directed mutagenesis studies have
revealed that two histidine residues and the second
glutamate within this sequence motif (His88, His92, and
Glu169 for pitrilysin and His108, His112, and Glu189 for
human insulysin) are required for metal binding, while
the first glutamate (Glu91 for pitrilysin and Glu111 for
human insulysin) is required for catalysis.20–24)

Among various metalloproteases, research interest in
human insulysin has emerged because of its ability to
cleave a number of biologically important peptides, such
as insulin and amyloid �-protein, implicated in the
Alzheimer’s disease.25) Because of the potential phys-
iological and biomedical significance of this enzyme,
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studies of its homologues such as pitrilysin, have
recently attracted enormous attention.

The substrate recognition mechanism of insulysin
family proteins remains to be elucidated, because the
crystal structure is not available for any member of this
family. Comprehensive and extensive studies on the
substrate and cleavage-site specificities of pitrilysin, as
well as its kinetic properties, should provide valuable
information. Pitrilysin has been reported specifically to
cleave small polypeptides with molecular masses be-
tween 1,000 and 7,000Da.1,2) However, the cleavage-
sites in these peptides remain to be determined, although
the oxidized insulin B chain and vasoactive intestinal
peptide (VIP) have been reported to be cleaved by the
enzyme, predominantly at Tyr16–Leu17 and Leu13–
Arg14, respectively.1,2) In addition, degradation of the
peptides by pitrilysin has not so far been analyzed
kinetically, although the binding affinities of insulin,
oxidized insulin B chain, and glucagon have been
estimated from their Ki values for degradation of a
quenched-fluorescent substrate by the enzyme.1)

In this study, pitrilysin was overproduced, purified,
and analyzed for proteolytic activity using various
peptide substrates. These peptides were cleaved by
pitrilysin at a limited number of sites with no apparent
sequence similarity. Determination of the kinetic pa-
rameters for the �-EP derivatives with N- and/or C-
terminal truncations and those with amino acid sub-
stitutions allowed us to identify the regions in �-EP
important for high-affinity binding of pitrilysin. Based
on these results, a substrate recognition mechanism of
pitrilysin is discussed.

Materials and Methods

Materials. Human �-endorphin (�-EP), bovine insu-
lin, bovine insulin B chain oxidized (insulin B), human
calcitonin, bovine substance P, human glucagon, human
�-atrial natriuretic peptide (�ANP), human adrenocorti-
cotropic hormone fragment 1–24 (ACTH), somatostatin,
bradykinin, human angiotensin I, and human amyloid �-
protein fragment 1–40 (�-amyloid) were obtained from
Sigma-Aldrich Japan (Tokyo). Human leumorphin was
from Peninsula Laboratories (Belmont, CA, U.S.A),
while human vasoactive intestinal peptide (VIP) was
from Wako Pure Chemical (Osaka, Japan). The frag-
ments of �-EP, �-EP9{31, �-EP14{31, �-EP18{31, �-EP9{26,
and �-EP9{21, and their derivatives, [A

19]-�-EP, [N19]-�-
endorphin, [S14/S15/S17]-�-EP9{26, [S14]-�-EP9{26,
[S15]-�-EP9{26, [S

17]-�-EP9{26, and [S22/S23]-�-EP9{26,
were synthesized by Sawady Technology (Tokyo,
Japan). Restriction and modifying enzymes used in
recombinant DNA technologies were from Takara
Shuzo (Kyoto, Japan) and Toyobo (Kyoto, Japan).

Cells and plasmids. Plasmids pUC19 and pDR540
were obtained from Takara Shuzo and Amersham
Biosciences (Piscataway, NJ, U.S.A), respectively.

E. coli JM109 was from Toyobo. Cells were grown in
Luria–Bertani (LB) medium containing 50mg/l ampi-
cillin.

Plasmid construction. The 4.2-kbp DNA fragment
containing the ptr gene was amplified by PCR as the
BamHI–HindIII fragment and ligated into the BamHI
and HindIII sites of pUC19 to generate plasmid pUC42.
In this plasmid, the BamHI and HindIII sites are located
50-bp upstream and 1.3-kbp downstream of the ptr gene,
respectively. The HindIII site in this plasmid was
converted to SalI site to generate pUC42S. Finally, to
place the ptr gene under the control of the tac promoter,
the 400-bp EcoRI–BamHI fragment of pDR540 con-
taining the tac promoter was ligated into the EcoRI and
BamHI sites of pUC42S to generate pDR42S. The
nucleotide sequence of the ptr gene was confirmed by
ABI PRISM 310 genetic analyzer (Perkin-Elmer Japan,
Tokyo). PCR was performed with the GeneAmp PCR
system 2400 (Perkin-Elmer Japan) using KOD polymer-
ase (Toyobo) according to the procedures recommended
by the supplier.

Overproduction and purification. An overproducing
strain was constructed by transforming E. coli JM109
with plasmid pDR42S. Cultivation was carried out at
37 �C until absorbance at 550 nm of the culture reached
around 1.0. Induction of expression was done by adding
0.4mM isopropyl-�-D-thiogalactopyranoside (IPTG),
and cultivation was continued for an additional 4–6 h.
Cells were harvested by centrifugation and subjected to
the following purification procedures.
Cells collected from 1-liter culture were suspended in

50ml of 10mM Tris–HCl (pH 8.0), disrupted by
sonication using a model 450 Sonifier (Branson
Ultrasonic, Danbury, CT, U.S.A), and centrifuged at
15;000� g for 30min. The supernatant (crude extract)
was dialyzed against 10mM Tris–HCl (pH 8.0) and
applied to a column (2:6� 15 cm) of DE-52 (Whatman
Japan, Tokyo) equilibrated with the same buffer. After
the column was washed, the enzyme was eluted with a
linear gradient of 0 to 0.3 M NaCl. The enzyme fractions
were pooled, concentrated by Centricon 10 centrifugal
concentrators (Millipore Japan, Tokyo), and applied to a
column (1:6� 190 cm) of Sephacryl S-300 (Amersham
Biosciences) equilibrated with 10mM Tris–HCl (pH 8.0)
containing 0.1 M NaCl. The enzyme eluted from this
column was used for biochemical characterizations. All
purification procedures were carried out at 4 �C. The
cellular production level and purity of the enzyme were
analyzed by SDS–PAGE on 12% polyacrylamide gel,26)

followed by staining with Coomassie Brilliant Blue.

Enzymatic activity. Stock solutions of various pep-
tides (1.0mg/ml) were prepared by dissolving the
peptides contained in the vials (0.1–1mg/vial) in
10mM Tris–HCl (pH 8.0). An aliquot of each stock
solution was used for the assay. The enzymatic reaction
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was carried out in 500�l of 50mM Tris–HCl (pH 8.0)
containing 5–10�g of the peptide and an appropriate
amount of the enzyme at 37 �C for 10min, unless stated
otherwise. The reaction was terminated by adding 10�l
of glacial acetic acid. The reaction mixture was then
subjected to reverse-phase HPLC to separate the
products from the substrate. The amount of substrate
digested by the enzyme was determined by comparing
the peak areas of the substrate incubated with and
without the enzyme. A response factor (peak area/�g)
was determined for each peptide by injecting several
aliquots (1–10�g) of the stock solutions onto the HPLC.
All the peptides examined were stable upon incubation
at 37 �C for 10min. One unit of enzymatic activity was
defined as the amount of the enzyme that degrades
1 nmol of the peptide per min at 37 �C. Specific activity
was defined as enzymatic activity per mg of pitrilysin.
For determination of kinetic parameters, enzymatic
activity was determined at various substrate concentra-
tions, which were varied in such a way that they spanned
the Km value (0.15, 0.29, 0.58, 1.2, 2.9, and 11.5�M for
�-endorphin). The amount of the enzyme was controlled
in such a way that the fraction of the substrate digested
did not exceed 30% of the total. Under this condition,
the amount of the substrate decreased in proportion to
increases in the amount of the enzyme or the reaction
time.
Protein concentration was determined by measuring

UV absorption on the basis that the absorbance at
280 nm of a 0.1% solution is 1.18. This value was
calculated by using " values of 1,576M�1 cm�1 for
tyrosine and 5,225 M�1 cm�1 for tryptophan at 280
nm.27)

Reverse-phase HPLC. Reverse-phase HPLC was
carried out on a column (4:6� 250mm) of Aquapore
RP-300 (Brownlee Laboratories, Santa Clara, CA,
U.S.A). Elution was performed by increasing linearly
the concentration of solvent B in solvent A from 10%
(v/v) to 60% (v/v) over 25min, unless stated otherwise.
Solvent A was 0.1% (v/v) trifluoroacetic acid and
solvent B was acetonitrile containing 0.05% (v/v)
trifluoroacetic acid. A flow rate of 1.0ml/min was used
and the peptides were detected with a UV detector set at
230 nm.

Amino acid sequence and composition. The NH2-
terminal amino acid sequence was determined using a
Procise 491 automated protein sequencer (Perkin-Elmer
Japan). Amino acid composition was determined using a
Beckman System 6300E automatic amino acid analyzer
(Tokyo, Japan). Samples were hydrolyzed at 150 �C for
1.5 h using a vapor-phase hydrolysis technique with
constant-boiling HCl containing 0.5% (v/v) phenol.

Circular dichroism spectra. The circular dichroism
(CD) spectra were measured using a J-725 spectropo-
larimeter (Japan Spectroscopic, Tokyo, Japan) at 25 �C

in 10mM Tris–HCl (pH 8.0). For measurement of far-
and near-UV CD spectra, a protein concentration of
0.1mg/ml and 0.5–1mg/ml with a cell optical path
length of 2mm and 10mm were used, respectively. The
mean residue ellipticity (�, deg cm2 dmol�1) was calcu-
lated using an average amino acid molecular weight of
110.

Results

Purification of the enzyme
Upon induction for overproduction, pitrilysin accu-

mulated in the cells in a soluble form. The overproduc-
ing strain grew almost similarly with the host strain,
indicating that overproduction of this protein does not
cause any significant damage to the cell. The production
level was estimated to be approximately 70mg/l culture
by SDS–PAGE based on the intensity of the band
visualized with Coomassie Brilliant Blue. The enzyme
was purified by sonication lysis of the cells, followed by
ion-exchange and gel filtration column chromatogra-
phies, to a monomeric form that gave a single band on
SDS–PAGE (Fig. 1). The overall purification yield was
50%, with approximately 35mg of the enzyme obtained
from 1-liter culture. This amount is 70-fold8) and 2000-
fold1) higher than those previously reported. The N-
terminal amino acid sequence of the purified enzyme
was found to be Glu–Thr–Gly–Trp–Gln–Pro–Ile–Gln–
Glu, indicating that the purified enzyme represents a
mature form of the enzyme in which the signal peptide
(Met1–Ala23) was removed.

CD spectra
The far- and near-UV CD spectra of the enzyme are

shown in Fig. 2. The far-UV spectrum gave a broad
trough with double minimum � values of �12;500 at
209 nm and �12;800 at 219 nm (Fig. 2A). The near-UV
CD spectrum gave two positive peaks with maximum
� values of 89 at 258 nm and 67 at 296 nm, and one

Fig. 1. SDS–PAGE of Pitrilysin Overproduced in E. coli Cells.

Samples were subjected to 12% SDS–PAGE and stained with

Coomassie Brilliant Blue. Lane M, a low molecular weight marker

kit (Amersham Biosciences); lane 1, whole cell extract; lane 2,

purified pitrilysin. Numbers along the gel represent the molecular

masses of the standard proteins.
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trough with a minimum � value of �160 at 282 nm
(Fig. 2B). The helical content of the enzyme was
calculated to be 40.1% using the method of Wu et
al.28) It has been reported that a catalytically essential
divalent cation binds to the enzyme too tightly to be
removed by dialysis but can be removed upon EDTA
treatment.2) To determine whether this divalent cation is
important for the protein structure, the far- and near-UV
CD spectra of the enzyme were measured in the
presence of 10mM EDTA. However, both spectra were
basically identical to those obtained in the absence of
EDTA, indicating that the protein conformation was not
markedly changed upon removal of the divalent cation
from the active site.

Enzymatic activities for various peptides
Various peptides were cleaved by the enzyme at pH

8.0 at 37 �C without a divalent cation. This condition
was used for the following reasons. (i) The enzyme was
fully active over a broad pH range from 7 to 9 without a
sharp pH optimum (data not shown). (ii) The enzyme
has been reported to be unstable above 50 �C.2) (iii) The
enzymatic activities determined in the absence and
presence of a catalytically essential divalent cation were
nearly equal, probably because the purified enzyme

contains this divalent cation, which binds to the enzyme
too tightly to be dissociated from the enzyme by
dialysis. The amount of the substrate cleaved by the
enzyme was determined by applying the reaction
mixture to HPLC. As a typical example, separation of
�-EP from its digestion products by HPLC is shown in
Fig. 3. The enzyme cleaved all the peptides examined
except for angiotensin I and bradykinin. It exhibited the
highest specific activity, of 6;200� 500 units/mg, for �-
EP. The specific activities of the enzyme for other
peptides relative to that for �-EP are summarized in
Table 1. The specific activities of the enzyme for VIP,
substance P, and glucagon relative to that for insulin B
were 42, 10, and 8%, respectively, comparable to those
(23, 7, and 11%, respectively) reported previously.1) The
enzyme cleaved �-amyloid, which plays a central role in
the pathogenesis Alzheimer’s disease, with relatively
high efficiency.
To examine whether high activity of the enzyme

toward �-EP results from high binding affinity, degra-
dations of �-EP, �-amyloid, insulin B, VIP, calcitonin,
and substance P by the enzyme were analyzed kineti-
cally. These peptides are cleaved by the enzyme
predominantly at a single site, as shown below. The

Fig. 2. CD Spectra of Pitrilysin.

The far-UV (A) and near-UV (B) CD spectra of pitrilysin are

shown. These spectra were measured as described under ‘‘Exper-

imental Procedures’’.

Fig. 3. Separation of Peptides by Reverse-phase HPLC.

�-EP (10�g, 2.9 nmol) was incubated in the absence (A) or

presence (B) of 50 ng of pitrilysin in 500�l of 50mM Tris–HCl

(pH 8.0) at 37 �C for 10min. After the enzymatic reaction was

terminated by the addition of 10�l of acetic acid, the reaction

mixture was subjected to reverse-phase HPLC. The reverse-phase

HPLC was carried out as described under ‘‘Experimental Proce-

dures’’. The positions of �-EP and its degradation products are

shown.
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rate of cleavage as a function of substrate concentration
for �-EP is shown in Fig. 4A as a typical example. The
kinetic parameters for �-EP were determined from the
double reciprocal plot 1/v versus 1/s (Lineweaver-Burk
plots) shown in Fig. 4B. Cleavage of other peptides by
the enzyme also followed Michaelis–Menten kinetics,
and the kinetic parameters were determined from
corresponding Lineweaver–Burk plots (data not shown).
These results are summarized in Table 1. The enzyme
gave lowest Km value of 0:36� 0:03�M and a highest
kcat value of 750� 60min�1 for �-EP, indicating that �-
EP is the most preferable substrate for pitrilysin. This
Km value increased by 2.5-fold for �-amyloid, 4.2-fold
for insulin B, 1.1-fold for VIP, 6.1-fold for calcitonin,
and 86-fold for substance P, indicating that the binding
affinity of pitrilysin for substance P is greatly reduced as
compared to that for �-EP. The kinetic parameters were
also determined for insulin B1{22, which lacks the C-
terminal eight residues of insulin B. This peptide was
produced upon tryptic digestion of insulin B and purified
by reverse-phase HPLC. The Km value for insulin B1{22

increased 15-fold as compared to that for insulin B,
whereas the kcat value for insulin B1{22 was comparable
to that for insulin B (Table 1). These results indicate that
the C-terminal region of insulin B is important for the
binding of pitrilysin.

Cleavage sites in the peptides
The cleavage sites in the substrates were determined

by identifying the digestion products, which were
separated by reverse-phase HPLC. Of the four digestion
products of �-EP, for example, two major ones, �-EP1{19
and �-EP20{31, and two minor ones, �-EP1{18 and �-
EP19{31, were identified (Fig. 3). This indicates that

Lys19–Asn20 and Phe18–Lys19 are the major and minor
cleavage sites, respectively, in �-EP. The amounts of the
major digestion products were approximately 10 times
higher than those of the minor ones. The time depend-
ence of the cleavage reaction shows that this ratio is
unchanged regardless of whether �-EP is partially or
almost fully cleaved (data not shown). These results
indicate that pitrilysin predominantly cleaves �-EP at
the Lys19–Asn20 site. The major cleavage sites in the
peptides thus determined are shown in Fig. 5. These
include Lys19–Asn20 for �-EP, His14–Gln15 for �-
amyloid, Tyr16–Leu17 for insulin B, Arg6–Arg7 and
Thr13–Arg14 for leumorphin, Arg14–Lys15 for VIP,
His20–Thr21 for calcitonin, Gly9–Leu10 for substance
P, Phe6–Thr7 and Lys12–Tyr13 for glucagon, Leu2–Arg3,
Arg14–Ile15, and Gly22–Cys23 for �ANP, Tyr2–Ser3 for
ACTH, and Phe17–Phe18 and Trp19–Lys20 for somatos-
tatin. �-Amyloid, insulin B, leumorphin, VIP, and
somatostatin were almost exclusively cleaved at the
above mentioned sites, whereas other peptides were
cleaved with less efficiency at additional sites, such as

Table 1. Enzymatic Activities of Pitrilysin for Cleavage of Various

Peptides

Peptide
Relative activity

(%)

Km

(�M)

kcat
(min�1)

�-EP 100 0:36� 0:03 750� 60

�-Amyloid 18� 3 0:90� 0:1 140� 15

Insulin B 17� 3 1:5� 0:1 160� 15

Insulin B1{22 8:2� 1 23� 3 110� 12

Leumorphin 15� 2 ND ND

VIP 7:2� 1 0:40� 0:04 54� 6

Calcitonin 3:0� 0:5 2:2� 0:2 26� 3

Substance P 1:7� 0:3 31� 3 38� 4

Glucagon 1:4� 0:2 ND ND

�ANP 1:4� 0:2 ND ND

ACTH 1:0� 0:2 ND ND

Somatostatin 0:9� 0:1 ND ND

Angiotensin I <0:2

Bradykinin <0:2

Enzymatic activity was determined at 37 �C in 50mM Tris–HCl (pH 8.0).

The amount of the peptide cleaved by the enzyme was determined by HPLC,

as described under ‘‘Experimental Procedures’’. Relative activity was

calculated by dividing the specific activity of the enzyme for each peptide

by that for �-EP (6;200� 500 units/mg). The kinetic parameters were

determined by least-square fitting of the data obtained from Lineweaver–

Burk plots. Results are shown with the standard deviations. ND, not

determined.

Fig. 4. Rate of Cleavage as a Function of Substrate Concentration.

Various concentrations of �-EP were incubated with pitrilysin

(4.4 ng) at 37 �C for 10min. The amount of the substrate degraded

was determined by reverse-phase HPLC, as described under

‘‘Experimental Procedures’’. The experiments were carried out in

duplicate, and the average values are indicated. The errors are within

15% of the values indicated. A plot of v versus s (A) and a double

reciprocal plot of the data (B) are shown.
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Phe18–Lys19 for �-EP, Phe8–Gly9 for substance P, and
Lys15–Lys16 for ACTH. However, those for calcitonin,
glucagon, and �ANP remained to be identified. Insulin
B was cleaved at the second site (Phe25–Tyr26), as
reported previously,2) but this site was not cleaved at a
detectable rate until the initial site (Tyr16–Leu17) was
almost completely cleaved. The cleavage site in VIP is
different from that (Leu13–Arg14) previously reported.
The reason for this inconsistency remains to be
answered.

Two amino acid residues flanking the cleavage site
varied greatly among the various substrates, suggesting
that pitrilysin does not have any side chain specificity
for these residues (Fig. 5). To confirm this, the �-EP
derivatives, [N19]-�-EP and [A19]-�-EP, in which Lys19

is replaced by Asn and Ala, respectively, were analyzed
for cleavage by the enzyme. The elution patterns of the
resultant products from reverse-phase HPLC were
similar to that for �-EP (data not shown), indicating
that these peptides were predominantly cleaved at the
Asn19–Asn20 or the Ala19–Asn20 site, but less at the
Phe18–Lys19 site. The specific activities of the enzyme
for these �-EP derivatives were 80% of that for �-EP.
Hence, alteration of the amino acid residue flanking the
amino side of the cleavage site seriously affects neither
the cleavage site in the substrate nor the susceptibility of
�-EP to degradation by the enzyme.

Identification of the residues in �-EP important for its
binding to E. coli pitrilysin
To identify the residues in �-EP important for its

binding to pitrilysin, a series of �-EP derivatives with N
or C-terminal truncations were prepared and cleaved by
the enzyme. The sequences of these peptides, as well as
those of the �-EP derivatives with amino acid substitu-
tions, are summarized in Table 2. �-EP9{31, �-EP14{31,
and �-EP18{31 lack the N-terminal 8, 13, and 17 amino
acid residues of �-EP, respectively, while �-EP9{26 and
�-EP9{21 lack the C-terminal 5 and 10 residues of �-
EP9{31, respectively. The cleavage sites in these peptides
were determined to be those in �-EP. �-EP9{31 and �-
EP14{31 were cleaved at same two sites as in �-EP,
whereas other peptides were cleaved almost exclusively
at a single site (Lys19–Asn20). The kinetic parameters of
the enzyme for a series of �-EP derivatives with N or C-
terminal truncations are summarized in Table 3.
The kcat values for the truncated forms of �-EP were

comparable to that for �-EP, indicating that pitrilysin
cleaves these peptides with similar hydrolysis rates. In
contrast, the Km values for these peptides increased as
the size of the truncated region increased, suggesting
that the entire region of �-EP is involved in binding to
the enzyme, but the Km values for these peptides did not
increase in proportion with the size of the truncated
region. Truncation of eight N-terminal residues, for

Fig. 5. The Cleavage Sites in the Peptides.

The major (solid triangle) and minor (open triangle) cleavage sites by pitrilysin are indicated above the sequences of the peptides. Angiotensin

I and bradykinin were not cleaved by the enzyme. The cleavage sites by insulysin in �-EP,36) insulin B,36) �-amyloid,39) glucagon,32) and

�ANP 34) are indicated by arrows below the sequences. The positions of disulfide bonds are also shown.
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example, increased the Km value by 2.4-fold. Subse-
quent truncation of five additional residues increased it
by 3.9-fold, while further truncation of four more
residues increased it greatly, by 20-fold. Likewise,
truncation of five C-terminal residues increased the Km

value by 3.2-fold, while further truncation of five
additional residues greatly increased it, by 36-fold.
These results indicate that regions 14–17 and 22–26 in
�-EP are responsible for high-affinity recognition by
pitrilysin.
Region 14–17 contains three hydrophobic residues.

To examine the importance of these residues for the
binding of �-EP to pitrilysin, a series of �-EP9{26
derivatives, in which Leu14, Val15, and Leu17 are
individually or simultaneously replaced by Ser, were
cleaved by the enzyme. [S14], [S15], and [S17]-�-EP9{26
represent the �-EP9{26 derivatives with single replace-
ment at positions 14, 15, and 17, respectively. [S14/S15/
S17]-�-EP9{26 represents the one with triple replace-

ments (Table 2). The kinetic parameters of the enzyme
for these peptides are summarized in Table 3. Single
replacement results in a 3.4 to 5.2-fold increase in the
Km value, along with a 7 to15-fold decrease in the kcat
value. The effects of single replacements were cumu-
lative, and replacement of all three residues resulted in a
74-fold increase in the Km value along with a 130-fold
decrease in the kcat value. These results suggest that the
hydrophobic residues located at positions 14, 15, and 17
of �-EP are important for binding to pitrilysin. The
hydrophobic residues are also present in region 22–26
(Ile22 and Ile23), but the kcat=Km value of the enzyme for
[S22/S23]-�-EP9{26, in which these residues are simulta-
neously replaced by Ser, was similar to that for �-EP9{26
(Table 3). These results suggest that Ile22 and Ile23 are
not important for the binding of �-EP to pitrilysin.

Discussion

Comparison of substrate and cleavage-site specific-
ities of pitrilysin with those of insulysin

Insulysin (insulin-degrading enzyme, IDE), which is a
dimeric or trimeric enzyme,29) has been reported to
degrade not only insulin30) but also other peptide
hormones, such as glucagon,31,32) �ANP,33,34) transform-
ing growth factor � (TGF-�),35) �-EP,36) and calcito-
nin.31) It also cleaves �-amyloid peptides.37–39) Insulysin
cleaves these peptides at a limited number of sites.
However, because no apparent amino acid sequence
identities were observed around the cleavage sites, it has
been proposed that insulysin recognizes secondary or
tertiary structures of these peptides.29,40) The peptides
examined for degradation by pitrilysin include these
insulysin substrates, except for TGF-�, as well as non-
insulysin substrates,36) such as ACTH, angiotensin I, and
bradykinin. Pitrilysin degraded these insulysin substrates
but did not degrade or poorly degraded non-insulysin
substrates. Furthermore, pitrilysin degraded these pep-
tides at a limited number of sites, as did insulysin. These
results strongly suggest that pitrilysin and insulysin

Table 2. Sequences of the �-EP Derivatives

Peptide Sequence

1 10 20 30

�-EP YGGFMTSEKS ETPLVTLFKN AIIKNAYKKG E
½N19]-�-EP YGGFMTSEKS ETPLVTLFNN AIIKNAYKKG E
½A19]-�-EP YGGFMTSEKS ETPLVTLFAN AIIKNAYKKG E
�-EP9{31 KS ETPLVTLFKN AIIKNAYKKG E
�-EP14{31 LVTLFKN AIIKNAYKKG E
�-EP18{31 FKN AIIKNAYKKG E
�-EP9{26 KS ETPLVTLFKN AIIKNA
�-EP9{21 KS ETPLVTLFKN A
½S14/S15/S17]-�-EP9{26 KS ETPSSTSFKN AIIKNA
½S14]-�-EP9{26 KS ETPSVTLFKN AIIKNA
½S15]-�-EP9{26 KS ETPLSTLFKN AIIKNA
½S17]-�-EP9{26 KS ETPLVTSFKN AIIKNA
½S22/S23]-�-EP9{26 KS ETPLVTLFKN ASSKNA

The asparagine and alanine reisdues substituted for Lys19 and the serine residues substituted for hydrophobic residues at positions 14, 15, 17, 22, and 23 are

underlined.

Table 3. Kinetic Parameters of Pitrilysin for Cleavage of �-Endor-

phin Derivatives

Peptide
Km

(�M)

kcat
(min�1)

Relative kcat
(%)

�-EP 0:36� 0:03 750� 60 100

�-EP9{31 0:85� 0:08 640� 60 85

�-EP14{31 3:3� 0:4 820� 90 109

�-EP18{31 65� 8 680� 80 91

�-EP9{26 2:7� 0:3 670� 70 89 (100)

�-EP9{21 98� 10 810� 90 108

½S14/S15/S17]-�-EP9{26 200� 20 5:3� 0:5 0.7 (0.8)

½S14]-�-EP9{26 11� 1 44� 5 5.9 (6.6)

½S15]-�-EP9{26 9:3� 1 97� 10 13 (14)

½S17]-�-EP9{26 14� 2 49� 5 6.5 (7.3)

½S22/S23]-�-EP9{26 1:4� 0:2 340� 40 45 (51)

Enzymatic activity was determined at 37 �C in 50mM Tris–HCl (pH 8.0).

The kinetic parameters were determined by least-square fitting of the data

obtained from Lineweaver–Burk plots. Relative kcat values were calculated

by dividing the kcat value for each peptide by that for �-EP. The kcat value for

each peptide relative to that for �-EP9{26 is shown in parentheses. Results are

shown with the standard deviations.
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recognize these substrates by a similar mechanism.
However, these two enzymes differ in substrate and
cleavage-site specificities.

Of the peptides, for which the kinetic parameters of
pitrilysin were determined, �-EP and insulin B are the
only ones for which the kinetic parameters of insulysin
are available. The Km and kcat values of insulysin have
been reported to be 13�M and 21min�1 for �-EP
(kcat=Km of 1.6min�1/�M), and 0.47�M and 7.8min�1

for insulin B (kcat=Km of 17min�1/�M).36) The Km and
kcat values of pitrilysin were determined to be 0.36�M

and 750min�1 for �-EP (kcat=Km of 2100min�1/�M),
and 1.5�M and 160min�1 for insulin B (kcat=Km of
110min�1/�M). Thus, on the basis of kcat=Km values,
pitrilysin prefers �-EP to insulin B whereas insulysin
prefers insulin B to �-EP. This difference might arise
from a difference in the binding affinities of the peptides,
because �-EP exhibits a 4.2-fold increased affinity for
pitrilysin and a 28-fold decreased affinity for insulysin
relative to insulin B. Both enzymes degrade �-EP at a
hydrolysis rate higher than that for insulin B. Similar
results have been reported previously, in whch insulysin
degrades insulin more efficiently than IGF II whereas
pitrilysin degrades them equally.4) Cross-linking studies
suggest that insulin and IGF II differ in their binding
affinity for insulysin (insulin > IGF II), while they
exhibit similar binding affinities for pitrilysin. The Km

value of pitrilysin for insulin B determined in our study
was smaller than but comparable to that (7.1�M)
reported previously.36)

The major cleavage sites of insulysin in the following
peptides have been reported as Glu13–Ala14 for insulin
B,36) His14–Gln15 for �-amyloid,39) Leu17–Phe18 and
Phe18–Lys19 for �-EP,36) Arg17–Arg18 for glucagon,32)

and Arg3–Arg4, Cys7–Phe8, Asp13–Arg14, and Ser25–
Phe26 for �ANP.34) Of these sites, only His14–Gln15 for
�-amyloid is shared with pitrilysin, although several
sites located close to the major cleavage sites of
insulysin were also cleaved by pitrilysin (Fig. 5). The
difference in the subunit structures and/or the structures
of the substrate-binding sites of pitrilysin and insulysin
might be responsible for the differences in substrate and
cleavage-site specificities of these enzymes.

The Km and kcat values for cleavage of insulin have
been reported to be 1.1�M and 1.8min�1 (kcat=Km of
1.6min�1/�M) for pitrilysin,1) and 0.13�M and
0.56min�1 (kcat=Km of 4.3min�1/�M) for insulysin.36)

These results suggest that pitrilysin and insulysin cleave
insulin with similar efficiency. The major cleavage sites
in insulin by insulysin have been reported to be Leu13–
Tyr14 and Tyr14–Gln15 in the A chain, and Ser9–His10,
Glu13–Ala14, Tyr16–Leu17, and Phe25–Tyr26 in the B
chain.30) Of these, Tyr14–Gln15 in the A chain and
Tyr16–Leu17 in the B chain are shared with pitrilysin (A.
Kohara, unpublished result).

Substrate recognition mechanism
Kinetic analyses of pitrilysin using a series of �-EP

derivatives with N- and/or C-terminal truncations
indicated that regions 14–17 and 22–26 in �-EP are
responsible for high affinity recognition by pitrilysin.
Three hydrophobic residues located at region 14–17
(Leu14, Val15, and Leu17) in �-EP were found to be
important for binding of �-EP to pitrilysin. The degree
of decrease in affinity by substitution of all these
residues with a hydrophilic one (Ser) was comparable to
that by truncation of region 14–17. In contrast, two
hydrophobic residues located at region 22–26 (Ile22 and
Ile23) were shown not to be important for the binding of
�-EP to pitrilysin. These results suggest that hydro-
phobic interactions are important for the binding of �-
EP to pitrilysin at region 14–17, whereas other inter-
actions are important for the binding of �-EP to
pitrilysin at region 22–26.
Because regions 14–17 and 22–26 are located on the

N- and C-terminal sides of the cleavage site in �-EP, the
substrate binding site of pitrilysin probably consists of at
least two sites, S and S0. The S and S0 sites are
responsible for binding to the P and P0 residues of the
substrates, which are located at the N- and C-terminal
regions of the cleavage site, respectively. This structural
feature of the binding site of pitrilysin might account for
the large Km value for substance P. This is because
substance P is cleaved by pitrilysin at its C-terminal
region and therefore does not have the C-terminal
extension required for binding to the S0 site of pitrilysin.
In fact, the Km value of pitrilysin for substance P
(31�M) was comparable to those for �-EP18{31 (65�M)
and �-EP9{21 (98�M), which do not have the N-terminal
and C-terminal extensions required for binding to the S
and S0 sites of pitrilysin, respectively.
No similarity is observed in the amino acid sequences

around the cleavage sites of the peptides by pitrilysin
(Fig. 5). For example, Leu14, Val15, and Leu17 of �-EP
are located at the 6th, 5th, and 3rd positions from the
cleavage site (N-terminal side). When the amino acid
residues located at the corresponding positions of other
substrates are compared, they vary greatly in size and
hydrophobicity. These results strongly suggest that
pitrilysin does not recognize the primary structure of
the substrate, but recognizes its secondary or tertiary
structures, as suggested for insulysin. However, the far-
UV CD spectra of �-EP and insulin B measured under a
condition under which these peptides are cleaved by
pitrilysin indicated that both peptides assume a random
coil-like structure (data not shown). These spectra were
not significantly changed either in the presence of 1mM

ZnCl2 or 10mM EDTA, indicating that the conformation
of the peptide is not seriously changed in the presence of
the metal cofactor for pitrilysin activity. Thus, the
question arises whether the secondary or the tertiary
structure of the peptide is induced upon binding to
pitrilysin. To answer this question, X-ray crystallo-
graphic studies of pitrilysin both in substrate-free and
substrate-bound forms are necessary. Ease of overpro-
duction and purification of the enzyme in amounts
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sufficient for structural studies would facilitate these
studies. Understanding of the mechanism by which
pitrilysin recognizes the substrates would offer insight
into the substrate-recognition mechanism of insulysin.
The C-terminal region of insulin B (residues 23–30)

was found to be important for binding to pitrilysin. This
region includes the Phe–Phe–Tyr sequence at 24–26,
which has been shown to be important for the binding of
insulin to insulysin.41) However, it remains to be
determined whether this sequence is also important for
the binding of insulin B to pitrilysin, because insulin B is
almost exclusively cleaved by pitrilysin at the Tyr16–
Leu17 site, while insulin is cleaved by insulysin at
additional sites, including Phe25–Tyr26. Further studies
are necessary to identify the residues important for the
binding of insulin B to pitrilysin.

Possible physiological role
It is obvious that the peptides examined for degrada-

tion by pitrilysin in this study are not the natural
substrates for this enzyme, but the observation that
pitrilysin degrades these peptides with a similar mech-
anism to that of insulysin allows us to propose that
characteristics common to the insulysin substrates are
shared by the pitrilysin substrates. It has been suggested
that insulysin functions as a scavenger of protein
fragments prone to form aggregates and amyloids.25,42)

Hence, it is plausible to speculate that peptides with high
aggregation potential can be natural substrates for
pitrilysin. These peptides should be rapidly degraded,
because accumulation of them in the periplasm, fol-
lowed by the formation of aggregates might prevent
normal cell growth. Signal peptides, which are proc-
essed from precursor proteins upon secretion, are one of
the candidates for natural pitrilysin substrates, because
pitrilysin family metallopeptidases have been shown to
be involved in the degradation of a signal peptide
released from a precursor protein in peroxisome,42)

chloroplast,15) and mitochondria.13) Misfolded proteins
are another candidate, because pitrilysin has been shown
to be involved in the degradation of misfolded maltose-
binding protein in the periplasm.43)
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