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Pseudomonas carboxyl proteinase (PCP), isolated from Pseudomonas sp. 101, and
Xanthomonas carboxyl proteinase (XCP), isolated from Xanthomonas sp. T-22, are the
first and second examples of unique carboxyl proteinases [EC 3.4.23.33]) which are
insensitive to aspartic proteinase inhibitors, such as pepstatin, diazoacetyl-pL-norleucine
methylester, and 1,2-epoxy-3(p-nitrophenoxy)propane. The substrate specificities of PCP
and XCP were studied using a series of synthetic chromogenic peptide substrates with the
general structure, P5-P4-P3-P2-Phe-Nph-P2'-P3" (P5, P4, P3, P2, P2, P3': a variety of
amino acids, Nph is p-nitro-L-phenylalanine, and the Phe-Nph bond is cleaved). PCP and
XCP were shown to hydrolyze a synthetic substrate, Lys-Pro-Ala-Leu-Phe-Nph-Arg-Leu,
most effectively among 28 substrates. The kinetic parameters of this peptide for PCP were
K,=6.3 uM, k., =51.48", and k.,/K,=8.16 uM~'-8"!. The kinetic parameters for XCP
were K,,=3.6 uM, k,,=52.28"", and k../K,=14.5 uM~'.87'. PCP showed a stricter sub-
strate specificity than XCP. That is, the specificity constant (k.../K,) of each substrate for
PCP was in general <0.5 uM~'-s!, but was drastically improved by the replacement of Lys
by Leu at the P2 position. On the other hand, XCP showed a less stringent substrate
specificity, with most of the peptides exhibiting reasonable k../K, values (>1.0 uM~"-877).
Thus it was found that the substrate specificities of PCP and XCP differ considerably, in
spite of the high similarity in their primary structures. In addition, tyrostatin was found
to be a competitive inhibitor for XCP, with a K| value of 2.1 nM, as well as for PCP (K, =2.6
nM).
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substrate specificity.

Carboxyl proteinases, formerly called acid proteinases, are
classified into two groups on the basis of their sensitivity to
inhibitors: pepstatin (isovaleryl-pepstatin)-sensitive and
-insensitive carboxyl proteinases (I-3).
Pepstatin-sensitive carboxyl proteinases, represented by
porcine pepsin, are blocked by such inhibitors as pepstatin
(4), S-PI (acetyl pepstatin) (5), diazoacetyl-DL-norleucine
methylester (DAN) (6), and 1,2-epoxy-3-(p-nitrophenoxy)-
propane (EPNP) (7). In porcine pepsin, a pair of aspartyl
residues, Asp®* and Asp®'®, have been revealed to be
esgential for its catalytic function (8). Therefore, pep-
statin-sensitive carboxyl proteinases are called aspartic
proteinases (9). Extensive sequence similarity has been
observed among the enzymes belonging to this group (10).
In 1972, Murao et al. reported that several pepstatin-
insensitive carboxyl proteinases are produced by Scyta-
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lidium lignicolum (11-14). None of them are inhibited by
pepstatin, S-PI, DAN, or EPNP, with the exception of
carboxyl proteinase B, which is inhibited by EPNP.
Furthermore, these enzymes have unique substrate speci-
ficities (15-20). The primary structure of carboxyl protein-
ase B shows no similarity with those of other carboxyl
proteinases reported so far (21). The existence of enzymes
having characteristics similar to those of S. lignicolum has
been reported in fungi (22-26), bacteria (27, 28), and
thermophilic bacteria (29-32).

Among these enzymes, Pseudomonas carboxyl pro-
teinase (PCP), a pepstatin-insensitive carboxyl proteinase
from Pseudomonas sp. 101 (27), and Xanthomonas car-
boxyl proteinase (XCP), a pepstatin-insensitive carboxyl
proteinase from Xanthomonas sp. T-22 (28), are the first
and second carboxyl proteinases to be isolated from prokar-
yotes and characterized, regardless of their pepstatin
sensitivity. PCP and XCP are not inhibited by pepstatin,
S-PI, DAN, or EPNP, but are inhibited by tyrostatin (N-
isovaleryl-tyrosyl-leucyl-tyrosinal; K, 2.6 nM for PCP)
(33).

Recently, Oda et al. cloned, sequenced, and expressed
the PCP (34) and XCP (35) genes. In the case of PCP, the
enzyme i8 produced as a precursor comprising an NH,-
terminal prepro region (215 residues) and the mature PCP
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(372 residues). On the other hand, XCP is produced as a
precursor comprising an NH,-terminal prepro region (237
residues), the mature XCP (398 residues), and a COOH-
terminal pro region (198 residues). This is the first case of
a carboxyl proteinase that has an additional COOH-termi-
nal pro region in its precursor. Furthermore, the amino acid
sequence of PCP was determined by chemical methods
(36). From the results, it was clarified that the amino acid
sequences of PCP and XCP show no similarity to those of
any other carboxyl proteinases; however, they exhibit high
sequence similarity (51.5% identity) to each other. More-
over, the consensus catalytic site sequence, - Asp*-Thr-Gly-
(Asp*: catalytic residue), of pepstatin-sensitive carboxyl
proteinases is also absent. On the other hand, it was
confirmed that PCP has a pair of catalytic carboxyl residues
by the zinc(II)-PAD (pyridine-2-azo-p-dimethylaniline)
method (37) and kinetic analyses (38).

In the present study, we investigated the substrate
specificities of PCP and XCP using chromogenic peptide
substrates to clarify the catalytic properties of pepstatin-
insensitive carboxyl proteinases. It was found that PCP and
XCP have different substrate specificities, in spite of the
high similarity in their primary structures.

MATERIALS AND METHODS

Enzymes and Inhibitor—PCP was prepared as described
previously (27). It gave a single protein band on SDS-
polyacrylamide gel electrophoeresis. The protein concentra-
tion was determined from the absorbance at 280 nm
(E1% =16.6).

XCP was prepared as described previously with further
purification by DEAE Sephadex A-50 column chromatog-
raphy (28). It also gave a single protein band on SDS-
polyacrylamide gel electrophoresis. The protein concentra-
tion was determined from the absorbance at 280 nm
(Elm=11.7).

Tyrostatin, a specific inhibitor of PCP and XCP, was
prepared as described previously (33). The inhibitor was
found to be homogeneous on HPLC analysis. Its concentra-
tion was precisely determined by amino acid analysis.

Peptide Substrates—The peptide substrates used in this
study were synthesized and characterized as described
previously (39, 40). They have the general structure,
P5-P4-P3-P2-Phe-Nph-P2'-P3’ (P5, P4, P3, P2, P2, P3": a
variety of amino acids, and Nph is p-nitro-L-phenylala-
nine). All were pure as to HPLC criteria and readily soluble
in water. Aqueous stock solutions of approximately 5 mM
were prepared. The concentrations were precisely deter-
mined by amino acid analysis. In all cases, the position in
these substrates cleaved by carboxyl proteinases was
between the Phe and Nph residues (38).

Determination of Kinetic Parameters for Chromogenic
Substrates—Stock substrate solutions were diluted with
buffer for rate determinations. The cleavage of a substrate
between the Phe and Nph residues was monitored at 37°C
and pH 3.5, in 0.1 M sodium formate buffer, as the decrease
in absorbance at 300 nm. The initial linear rate of this
change was measured to give the initial velocity (v). The K,
and V.. values were estimated by Lineweaver-Burk
plotting, with at least six initial substrate concentrations.
The k.., values were obtained with the equation: Vs, = ks
(E], where [E] is the enzyme concentration.
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RESULTS AND DISCUSSION

Substrate Specificity for Synthetic Chromogenic Sub-
strates—Pepstatin-sensitive carboxyl proteinases have an
extended active-site cleft (41), which can accommodate at
least seven amino acids of a substrate in the S4-S3’ subsites
(nomenclature of Schechter and Berger) (42), so that
cleavage can occur between the two hydrophobic residues
occupying the P1-P1’ positions (39, 43). On the other hand,
the subsite structure of pepstatin-insensitive carboxyl
proteinases has not been well clarified.

In the previous paper, Oda et al. reported the substrate
specificity of PCP, as determined using chromogenic pep-
tide substrates with the general structure, P5-P4-P3-P2-
P1-Nph-Arg-Leu (P5, P4, P3, P2, P1: a variety of amino
acids, and P1-Nph is the scissile peptide bond) (38). PCP
cleaved between two hydrophobic amino acid residues
preferably, especially Phe residues, like pepsin and cathep-
sin D. The cleavage at the P1-Nph positions of substrates
by PCP was influenced by replacement with different amino
acid residues at the P5, P4, P3, P2, and also P1 positions.

In order to further examine the substrate specificities
and kinetic properties of pepstatin-insensitive carboxyl
proteinases (PCP and XCP), we have designed and synthe-
sized 28 different chromogenic substrates with the general
structure, P5-P4-P3-P2-Phe-Nph-P2'-P3’. A series of
experiments was designed to provide an insight into the
subsite interaction at each position. The varied amino acids
include Ala, a small hydrophobic amino acid; Asp, a small
residue that can be negatively charged; Ser, a small polar
residue that can donate a hydrogen bond; Leu, a larger
hydrophobic residue; and Arg, a positively charged amino
acid. The kinetic constants of one substrate, Lys-Pro-Ala-
Lys-Phe-Nph-Arg-Leu (peptide No. 1 in Table I), as a
control parent peptide, will be discussed.

(1) The effect of the P5 position: The effect of the P5
position in a substrate for PCP has been determined (Table
I) (38). A substrate having Lys at the P5 position is the
most favorable for hydrolysis by PCP. On the replacement
of Lys by other amino acid residues, the kinetic parameters
for PCP were not drastically changed.

In the case of XCP, the replacement of Lys at the P5
position by Asp decreased the k.../ K, value to only 9% of
the control value. On the other hand, the replacement of
Lys by Arg did not change this kinetic constant. Thus, the
S5 subsite of XCP can accept positively charged residues,
but not negatively charged side chains. XCP may have one
or more acidic amino acid(s) in its S5 subsite.

The effects of replacement at the P5 position for pepsin
(44), human cathepsin D (45), human cathepsin E (46), and
rhizopuspepsin (47) have been determined using the same
set of substrates. Cathepsin E showed high activity toward
a substrate having Lys at the P5 position, but showed poor
kinetic parameters for all other substituted substrates. The
substrate specificity of cathepsin E as to the P5 position was
similar to that of PCP.

(2) The effect of the P4 position: The effect of the P4
position in a substrate for PCP has been reported (Table I)
(38). A substrate having Pro at the P4 position was the
most favorable. The replacement of Pro at the P4 position
by Leu decreased the k., value to about 26% of the control
value. The replacement of Pro by Asp, Arg, or Ser de-
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TABLE 1.
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Kinetic parameters for the hydrolysis of chromogenic peptide substrates by carboxyl proteinases. All reactions were

carried out at 37°C in 0.1 M sodium formate buffer, pH 3.5 (PCP and XCP) or pH 4.5 (human cathepsin E). Kinetic parameters were determined
as described under “MATERIALS AND METHODS.”

Substrate PCP XCp Human cathepsin E*
No Kn ken, keat/ K Kn L™ keat/ Ka Kn kea kear/ Kan
P5 P4 P3 P2 P1 PI' P2 P3' (M) (87)  (eM7'-s7) (#M) (87)  (uM~'.s) («M) (87') (kM-8
1 Lys-Pro-Ala-Lys-Phe-Nph*-Arg-Leu 95 14.5 0.15° 11.3 49.1 4.35 150 11 0.07
2 Ala- 100 6.2 0.06° 7.3 13.7 1.88 25 0.5 0.02
3 Asp- 98 5.9 0.06° 14.0 5.4 0.39 46 0.4 0.01
4 Leu- 43 4.0 0.09° 3.9 5.5 1.41 29 0.6 0.02
5 Arg- 125 5.2 0.04° 13.4 34.5 2.57 39 0.5 0.01
6 Ser- 55 5.5 0.10° 6.8 9.8 1.44 50 0.3 0.01
7 -Ala- 120 11.4 0.10° 8.1 18.3 2.26 160 2.0 0.01
8 -Asp- 122 1.0 0.01° 9.5 15.1 1.69 250 3.0 0.01
9 -Leu- 30 3.8 0.13° 2.9 21.9 7.55 58 0.5 0.009
10 -Arg- 77 0.9 0.01° 4.0 7.3 1.83 116 0.5 0.004
11 -Ser- 123 2.2 0.02° 5.6 3.5 0.63 250 2.0 0.008
12 -Asp- 98.6 25.4 0.26 7.7 77.8 10.1 48 4.4 0.09
13 -Leu- 37.1 15.3 0.41 14.1 69.4 4.92 38 6.0 0.15
14 -Arg- 77.7 24.3 0.31 11.7 46.9 4.01 22 3.0 0.14
15 -Ser- 65.0 25.0 0.38 4.6 58.4 12.7 73 5.0 0.07
16 -Ala- 15.4 38.2 2.48 2.6 7.3 2.81 59 41 0.7
17 -Asp- 13 6.8 0.52° 5.4 30.4 5.63 100 10 0.1
18 -Leu- 6.3 51.4 8.16 3.6 52.2 14.5 9 15 1.6
19 -Arg- 79.7  30.1 0.38 7.0 15.0 2.14 50 7 0.14
20 -Ser- 23.2 186 0.80 3.9 51.7 13.3 48 33 0.7
21 -Ala- 78.3 10.2 0.13 8.5 26.9 3.16 120 4.0 0.03
22 -Asp- 110 15.8 0.14 21.3 57.8 2.71 PC** PC PC
23 -Leu- 12.6 1.5 0.12 5.1 2.1 0.41 40 3.0 0.08
24 -Ser- 89.2 9.5 0.11 27.1 36.7 1.35 60 2.0 0.03
25 -Ala-| 120 36.1 0.30 14.2 68.4 4.82 50 2.0 0.04
26 -Asp| 914 276 0.30 20.9 81.4 3.89 52 1.0 0.02
27 -Arg-| 142 39.9 0.28 9.7 50.0 5.15 62 2.0 0.03
28 -Ser-| 141 37.9 0.27 17.5 68.2 3.90 45 1.0 0.02

*Nph, p-nitrophenylalanine. **PC, poorly cleaved under the standard assay conditions. ®Rao-Naik et al. (46). °Oda et al. (38).

creased the k../ K, value to only 7-13% of the control one.
The replacement of Pro at the P4 position by Ala or Leu did
not change this specificity constant. PCP preferred hydro-
phobic amino residues at the P4 position. Accordingly, it
was suggested that the S4 subsite of PCP was occupied by
hydrophobic residues that exhibited hydrophobic interac-
tions with the P4 position of the substrate.

In the case of XCP, Leu at the P4 position was found to
yield the most favorable substrate. The k../K., value
decreased on substitution at the P4 position in the following
order, Leu>Pro> Ala> Arg> Asp> Ser. Substrates hav-
ing a hydrophobic residue at the P4 position were easily
cleaved by XCP. It was suggested that the S4 subsite of
XCP was also occupied by hydrophobic residues, similar to
that of PCP.

In human cathepsin E, it has been reported that hydro-
phobic interactions are particularly important at the P4
position based on the results of three-dimensional modeling
and kinetic analysis (46).

(3) The effect of the P3 position: In the case of PCP, the
replacement of Ala at the P3 position by Leu or Ser
increased the k../K, value to approximately 3 times the
control value.

For XCP the replacement of Ala at the P3 position by Asp
or Ser resulted in favorable changes in the kinetic con-
stants: the K, values decreased to about one half and the
keai/ Kn values increased to approximately 2 or 3 times
those for the control peptide, respectively. But, the re-
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placement of Ala at the P3 position by Leu or Arg in a
substrate did not change the kinetic parameters. It was
suggested that PCP and XCP have different characteristics
as to the P3 position of a substrate.

In the case of human cathepsin E, the replacement of Ala
at the P3 position by Leu or Argincreased the k../Kn, value
to 2 times the control value (46). Thus, PCP and XCP have
slightly different characteristics from cathepsin E as to
interaction with the P3 position of a substrate.

(4) The effect of the P2 position: The kinetic parameters
for PCP were improved by the replacement of Lys at the P2
position by Ala, Asp, Leu, or Ser. The replacement of Lys
by Leu caused a drastic change: the K, value decreased to
only 7%, the k.., value increased by approximately 4 times,
and the k.,,/ K., value increased to about 54 times. The ka../
K, value (8.16 4M~'-57') was the highest among those of
the 28 different substrates tested. The replacement of Lys
at the P2 position by Ala increased the k.a./Kn value to 17
times of that for the control substrate. Substrates having
large hydrophobic residues at the P2 position were easily
cleaved by PCP. A substrate having Lys or Arg at the P2
position was not a good substrate. It was suggested that
hydrophobic interaction of the S2 subsite of PCP with the
P2 position of a substrate was particularly important.

For XCP, the replacement of Lys at the P2 position by
Leu also resulted in favorable changes in the kinetic
parameters: the K, values decreased to approximately
1/3, and the k../Kan values increased to about 3 times the
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control value. The k.../Kn value (14.5 yuM~'+57'}) was the
highest among those of the 28 different substrates tested.
The replacement of Lys at the P2 position by Ser also
increased the k.../ K, value, similar to the replacement by
Leu. The replacement of Lys at the P2 position by Ala, Asp,
or Arg did not cause significant changes in the specificity
constants. In general, these k.../K, values for XCP were
higher than those for PCP.

The specificities of cathepsin D (48) and cathepsin E (46)
for the P2 position have been determined using the same
set of substrates. As shown in Table II, the substrate
specificity of PCP for the P2 position was similar to that of
cathepsins D and E, with a low tolerance for positively
charged residues (Lys and Arg). The S2 subsites of cathep-
sins D and E have been shown to be largely hydrophobic in
nature. These findings may suggest that the S2 subsite of
PCP is similar to those of cathepsins D and E, rather than
that of XCP.

(5) The effect of the P2’ position: In the case of PCP, the
kinetic parameters did not significantly change on the
replacement of Arg at the P2’ position by Ala, Asp, or Ser.
The replacement of Arg by Leu having a branched hydro-
phobic side chain decreased the K, value to about 13% of
that of the control peptide. However, the k., value of the
substrate was only 9-16%, compared with the values of
other substituents. Consequently, the specificity constant
of the substrate is equivalent to those of other substrates.

Turning to XCP, the K, value of a substrate having Leu
at the P2’ position was lower than those of other P2’
substituted substrates. The k., value of the substrate was
only 4-8%, compared with those of other substituted
substrates. Similar characteristics were observed for PCP.

Thus, in the cases of both PCP and XCP, hydrophobic
interaction between the S2’ subsite and the P2’ position of
a substrate was observed. The S2’ subsite of most aspartic
proteinases has been shown to be hydrophobic in nature by
X-ray crystal structure analysis. Cathepsin E poorly
cleaved a substrate having Asp at the P2’ position under the
standard assay conditions (46). This unique characteristic
of cathepsin E was not observed for either PCP or XCP.

(6) The effect of the P3’ position: Finally, the nature of
the amino acid residue at the P3" position was examined
(Table I). The kinetic parameters for PCP and XCP did not
change on the replacement of Leu at the P3’ position by Ala,
Asp, Arg, or Ser. A similar trend has been observed for
human cathepsin E (46), which has at least 7 subsites
between S4 and S3'.

In this study, we examined the substrate specificities of

TABLE II. Specificity constants for the hydrolysis by carbox-
yl proteinases of a series of chromogenic substrates, Lys-Pro-
Ala-P2-Phe-Nph*-Arg-Leu, with variations at the P2 residue.

kat/Ko (uM~'-87")
No. Pg Human Human
residue PCP XCP cathepsin D* cathepsin E®
1 Lys 0.15° 4.35 NC** 0.07
16 Ala 2.48 2.81 0.15 0.7
17 Asp 0.52¢ 5.63 0.30 0.1
18 Leu 8.16 14.5 1.00 1.6
19 Arg 0.38 2.14 NC 0.14
20 Ser 0.80 13.3 0.07 0.7

*Nph, p-nitrophenylalanine. **NC, not cleaved under the standard
assay conditions. *Scarborough et al. (48). "Rao-Naik et al. (46).Oda
et al. (38).
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PCP and XCP using 28 chromogenic synthetic peptide
substrates. As shown in Table I, the substrate specificity of
PCP was stricter than that of XCP. That is, the specificity
constant (k../Kn) of each substrate for PCP was in
general <0.5 uM™'.g7! but was drastically improved by
the replacement of Lys by Leu at the P2 position. Similar
characteristics were observed for cathepsin E (Table I)
(46). On the other hand, XCP showed a less stringent
substrate specificity, with most of the peptides exhibiting
reasonable k.../K, values (> 1.0 uM~'-87!). These charac-
teristics are similar to those of rhizopuspepsin (47).

As described above, the rates of hydrolysis by PCP and
XCP were influenced by the replacements at the P5, P4, P3,
P2, and P2’ positions in a substrate. These results suggest
that PCP and XCP have at least 7 subsites (S5-52’). PCP
exhibits a high sequence similarity with XCP (51.5%
identity) (35). However, PCP showed a different substrate
specificity, compared with that of XCP. The structures of
the S2, S3, and S5 subsites of PCP may be different from
those of XCP. Further information on the subsite struc-
tures of PCP and XCP will be obtained by three-dimen-
sional structure analysis. Thus, we can conclude that the
substrate specificities of PCP and XCP are clearly different
from each other, in spite of the high similarity in their
primary structures.

Inhibition Constant by Tyrostatin of XCP—In 1989, Oda
et al. found a peptidic inhibitor for PCP and XCP, named
tyrostatin, from Kitasatosporia sp. 55 (33). The chemical
structure of tyrostatin is N-isovaleryl-tyrosyl-leucyl-tyro-
sinal. The COOH-terminal tyrosinal residue of tyrostatin is
essential for the inhibition. Tyrostatin specifically inhibits
PCP and XCP, i.e. it does not inhibit other pepstatin-
insensitive carboxyl proteinases. Tyrostatin is a competi-
tive inhibitor of PCP. The K, value is 2.6 nM at pH 3.5 and
37°C with Arg-Pro-Ala-Lys-Phe-Nph-Arg-Leu as a sub-
strate (38).

In this study, we determined the inhibition constant of
tyrostatin for XCP. Among the substrates described above,

x 108
1.0 1
’g Tyrostatin
@ (4.1 nM)
— 0.5 1
b=
S’
> control
S~
—{

-5.0 -2.5 0 2.5 5.0 7.6 10

1 x 104
1/[s] (M™7)

Fig. 1. Inhibition of XCP by tyrostatin. XCP (2.5 nM) was
incubated with tyrostatin (4.1 nM) with four different concentrations
(21, 35, 70, and 140 M) of the substrate in 0.1 M sodium formate
buffer (pH 3.5) in the presence of 0.5% methanol at 37°C. The
substrate used was Lys-Pro-Ala-Lys-Phe-Nph-Ser-Leu (peptide No.
24). The initial rates were determined by analysis of the time-courses
of the reactions. Tyrostatin was found to be a competitive inhibitor of
the enzyme, with a K| value of 2.1 nM.
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Lys-Pro-Ala-Lys-Phe-Nph-Ser-Leu (peptide No. 24) was
selected because of its poor K, value (K, =27.1 uM). This
facilitates observation of competitive inhibition. As shown
in Fig. 1, tyrostatin was also a competitive inhibitor for
XCP, with a K, value of 2.1 nM at pH 3.5 and 37°C.

On the basis of these results, we designed and synthe-
sized several tyrostatin derivatives to modify the catalytic
residue(s) of PCP and XCP (3). Among the resultant
compounds, N-benzyloxycarbonyl-tyrosine-2,3-epoxypro-
pylester inactivated XCP, but not PCP. N-Benzyloxycar-
bonyl-phenylalanine-2,3-epoxypropylester inactivated
PCP and XCP. In addition, PCP and XCP were inactivated
by 1,2-epoxyethylbenzene, similar to pepsin (7). We are
now trying to identify the catalytic residue(s) of PCP and
XCP by chemical modification, using such compounds. We
are also trying to identify the catalytic residues of PCP and
XCP by site-directed mutagenesis based on the high se-
quence similarity between PCP and XCP. We hope to
identify the catalytic residues of PCP and XCP by means of
these two different methods.

We are grateful to Professor S. Hara and Dr. K. Hayashi (Department
of Chemistry and Materials Technology, Kyoto Institute of Technol-
ogy) for the amino acid analysis. We also thank E. Takahashi and T.
Watanabe for purification of the PCP and XCP.
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