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Bacillus coagulans J-4 carboxyl proteinase, designated as J-4, is characterized as alcohol-
resistant and insensitive to aspartic proteinase inhibitors such as pepstatin, diazoacetyl-
DpL-norleucinemetylester, and 1,2-epoxy-3-(p-nitrophenoxy)propane. Here, its substrate
specificity was elucidated by using two series of chromogenic substrates, Lys-Pro-Ala-
Lys-Phe*Nph (p-nitrophenylalanine:* is cleavage site)-Arg-Leu (XVI) and Lys-Pro-Ile-
Glu-Phe*Nph-Arg-Leu (RS8), in which the amino acid residues at positions P,-P;, P,’, and
P,” were systematically substituted. Kinetic parameters were determined for both sets of
peptides. J-4 was shown to hydrolyze Lys-Pro-Ala-Ala-Phe-Nph-Arg-Leu most effectively
among the XVI series. The kinetic parameters of this peptide were K, =20.0+3.24 uM,
ket =16.41+0.71 87", and ko,/K,=0.769+0.128 uM~'-87'. Among the RS6 series, Lys-Pro-
Ile-Pro-Phe-Nph-Arg-Leu was hydrolyzed most effectively. The kinetic parameters of this
peptide were K, =13.7+1.30 uM, k.., =9.65+0.38 87, and k.,/K,=0.704+0.072 (.M '-g~".
These systematic analyses revealed that J-4 had a unique preference for the P, position: J-4
preferentially hydrolyzed peptides having an Ala or Pro residue in the P; position. Other
carboxyl proteinases preferred peptides having hydrophobic and bulky amino acid residue
such as Leu in the P, position. Thus, J-4 was found to differ considerably in substrate
specificity from the other carboxyl proteinases reported so far.
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substrate specificity.

Carboxyl proteinases, formerly called acid proteinases, are
classified into two groups: pepstatin (isovaleryl-pepstatin)-
sensitive and pepstatin-insensitive (1-3).
Pepstatin-sensitive carboxyl proteinases are inhibited by
pepstatin (4), S-PI (acetylpepstatin) (5), diazoacetyl-
DL-norleucinemetylester (DAN) (6), and 1,2-epoxy-3-(p-
nitrophenoxy)propane (EPNP) (7). In porcine pepsin, a
pair of aspartic acid residues, Asp®? and Asp?'®, was shown
to be essential for catalytic function (8). Likewise, most
other carboxyl proteinases have been shown to contain two
active aspartic acid residues at the catalytic site. Thus,
pepstatin-sensitive carboxyl proteinases are called aspartic
proteinases (9). Extensive sequence similarity has been
observed among the enzymes of this family (10). Amino
acid sequences around the two catalytic aspartyl residues
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are well conserved as -Asp*-Thr-Gly-(Asp*: catalytic
residues). These enzymes are also similar to each other in
their tertiary structure (11-14). And they have been shown
to utilize a common catalytic mechanism for the hydrolysis
of substrates.

On the other hand, in 1972, Murao et al isolated
carboxyl proteinases A, B, and C from Scytalidium
lignicolum ATCC 24568 (15-18). These enzymes are not
inhibited by pepstatin, S-PI, or DAN and only carboxyl
proteinase B is inhibited by EPNP. In addition to this
inhibition profile, these enzymes have unique substrate
specificities (19-24). Carboxyl proteinase B also differed
considerably in its amino acid sequence from previously
reported aspartic proteinases (pepstatin-sensitive carboxyl
proteinases) (25). In subsequent studies, enzymes having
similar properties to Scytalidium carboxyl proteinases
have been isolated from fungi (26-30), bacteria (31, 32),
and even thermophilic bacteria (33-36).

Among these pepstatin-insensitive carboxyl proteinases,
Pseudomonas sp. No. 101 carboxy! proteinase (PCP) (31),
and Xanthomonas sp. T-22 carboxyl proteinase (XCP) (32)
are the first and second examples of unique carboxyl
proteinases from prokaryotes, regardless of their pepsta-
tin-sensitivity. These enzymes are not inhibited by the
inhibitors mentioned above, but are inhibited by tyrostatin
(N -isovaleryl-tyrosyl-leucyl-tyrosinal) (37). PCP and
XCP have no sequence similarity to any other carboxyl
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proteinases (38-40); and they lack the consensus catalytic
site sequence, -Asp*-Thr-Gly-(Asp®: catalytic residue). On
the other hand, it was verified that two catalytic carboxyl
groups were associated to catalysis of these enzymes by the
zinc(IT1)-PAD (pyridine-2-azo-p-dimethylaniline) method
(41) and kinetic analyses (42).

Ozaki et al. (43) isolated Bacillus coagulans J-4, which
produced a pepstatin-insensitive carboxyl proteinase. This
18 the third example of a pepstatin-insensitive carboxyl
proteinase from a prokaryote (mesophile). The molecular
weight and optimum pH were found to be 45,000 and pH
3.0, respectively. Some of the unique features of this
enzyme are as follows: (i) the enzyme activity is not
inhibited by tyrostatin, which differs from PCP and XCP;
(ii) the enzyme is stable in 30% ethanol at room tempera-
ture for more than one month, and retains 80% of original
activity in 15% ethanol; (iii) the partial amino acid se-
quence of J-4 has similarity to that of kumamolysin, which
was isolated from a thermophilic bacterium, Bacillus
novosp. MN-32 (34).

In this paper, we describe the substrate specificity of the
alcohol-resistant and pepstatin-insensitive carboxyl pro-
teinase from Bacillus coagulans J-4. The substrates used
were two series of chromogenic substrates. J-4 was found
to differ considerably in substrate specificity from other
carboxyl proteinases (44), especially in the P, position.

MATERIALS AND METHODS

Enzyme—J-4 was purified from a crude preparation
(kindly supplied by Daiwa Kasei, Osaka) by column chro-
matographies on Sephadex G-100 and DEAE-Sephadex
A-50. It was homogeneous by sodium dodecyl sulfate
polyacrylamide gel electrophoresis. The protein concentra-
tion was determined by amino acid analysis.

Peptide Substrates—The peptide substrates used in this
study were synthesized and characterized as described
previously (45, 46). They have the general structure
Ps-P,-P;-P;-Phe-Nph-P,"-P;’" (where P;, P,, P;, P;, P/, and
Py’ are various amino acids, Nph is p-nitrophenylalanine).
All were pure on HPLC and readily soluble in water. Stock
peptide solutions were made in filtered distilled water. The
concentrations were quantified by amino acid analysis.

Determination of Kinetic Parameters—The cleavage of
each substrate between Phe and Nph residues was monitor-
ed at 37°C and pH 3.5 in 0.1 M sodium formate buffer by
averaging the decrease in absorbance measured over the
range of 284-324nm a Hewlett Packard diode array
spectrophotometer. For kinetic agsays, six tubes containing
a mixture of the buffer and the enzyme were prewarmed for
3min at 37°C. After the preincubation, five different
concentrations of substrate were added, and the absorbance
was monitored using a multicell transporter. The initial
rate of this change was measured to give the initial velocity
(v). The Ky and V. values were derived from direct
fitting by using a nonlinear regression analysis program,
with at least five values of initial substrate concentration.
ke values were obtained from the equation: Vi, = kad
(E], where [E] is the enzyme concentration. The estimated
error of the derived K, and k.., values is within 20%. Under
the same conditions, the cleavage of the peptides was also
examined by HPLC and amino acid analysis to confirm that
each substrate had been cleaved at the Phe-Nph bond.
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RESULTS AND DISCUSSION

Despite the overall structural similarities among pepstatin-
sensitive carboxyl proteinases (aspartic proteinases), each
proteinase must have subtle distinctions that enable it to
fulfill its own function(s) in its own environment. Pepsta-
tin-sensitive carboxyl proteinases have an extended active-
site cleft, which can accommodate at least seven amino
acids residues of a substrate in the S,-S;" subsites (46), so
that cleavage can occur between two hydrophobic residues
occupying the P,*P,” positions (47).

On the other hand, pepstatin-insensitive carboxyl pro-
teinases have not been extensively studied. Oda and Ito et
al. reported substrate specificities of pepstatin-insensitive
carboxyl proteinases from Pseudomonas sp. (PCP) and
Xanthomonas sp. (XCP) using chromogenic substrates (42,
44). They found that substrate specificities of these en-
zymes differ considerably, in spite of the high similarity in
their primary structures.

To examine the substrate specificity of J-4, we used two
series of chromogenic substrates: Lys-Pro-Ala-Lys-Phe*-
Nph-Arg-Leu (XVI series) and Lys-Pro-Ile-Glu-Phe*-
Nph-Arg-Leu (RS6), in which the amino acid residues at
positions P;-P;, P,’, and P;” were systematically substitut-
ed. The amino acids introduced in these positions include:
Ala, a small hydrophobic residue; Leu, a larger hydro-
phobic residue; Arg, a positively charged residue; Asp, a
small residue that can be negatively charged; and Ser, a
small polar residue that can form a hydrogen bond. These
geries present a variety of potential interactions that might
be favorable or unfavorable for interaction at any of the
subsites. The kinetic parameters for hydrolysis of XVI and
RS6 substrate series by J-4 are summarized in Tables I-V.

(1) The Effect of the P; Position—Table I summarizes
the effect of the Py position on hydrolysis of the XVI
substrate series by J-4. J-4 preferentially cleaved the
peptides with a positively charged Lys or Arg residue in the
P, position, which suggests that the Sy subsite of J-4 might
be negatively charged. Ito et al. reported that both PCP and
XCP favored peptides having Lys in the P position (44). In
these points, J-4 is similar to PCP and XCP. It differs,
however, in that PCP and XCP cleaved all peptides but J-4
could not cleave the Ser, Asp, and Ala derivatives, and J-4
showed poor kinetic constants for the other three sub-
strates compared to those of PCP and XCP.

(2) The Effect of the P, Position—The k., value with the
Leu substituent was 1.5-2.7 times higher than those of the
other substituents, and the K, value was lowest of all. The
specificity constant for the Leu-containing peptide was over
25 times higher than those of the other substituents. The S,
subsite of J-4 may be occupied by hydrophobic residues
that exhibit hydrophobic interactions with the P, position
of the substrate. PCP and XCP also preferentially hydro-
lyze peptides having hydrophobic amino acid residues in the
P, position. From the results of three-dimensional model-
ing and kinetic analysis, it has been reported that hydro-
phobic interactions at the P, position are important in
cathepsin E (49). In its preference for the P, position,
therefore, J-4 seems to be identical to other carboxyl
proteinases. These hydrophobic interactions seem to be
important for both pepstatin-sensitive and pepstatin-in-
sensitive carboxyl proteinases.

2702 ‘T 5800100 U0 A1slBAIUN pezy diwes| e /Alo'sfeulnolpioxo-ql//:dny wouy papeojumoq


http://jb.oxfordjournals.org/

644 M. Shibata et al.

TABLE 1. Kinetic parameters for hydrolysis of XVI substrates by J-4.

P P, P, P, P, P/’ Py P, ('::‘) @Kﬁ) @ﬁi/,ﬁ“i.)
Lys  Pro Ala Lys Phe Nph Arg Leu 0.214+0.01 16.8+2.87 0.012+0.002
Arg 0.12+0.01 14.3+1.27 0.008+0.001
Leu 0.18+0.01 50.8+9.93 0.004+0.001
Ser N.C.
Asp N.C.
Ala N.C.
Leu 4.24+0.70 11.3+0.68 0.375+0.066
Ala 2.85+0.12 57.6+5.70 0.050:+0.005
Arg 1.12+0.06 28.7+4.26 0.039+0.006
Asp 1.32+0.08 64.5+£9.00 0.020+0.003
Ser 1.65+0.14 107+16.4 0.015+0.003
Asp 0.43+0.02 17.1£1.71 0.026+0.003
Arg 0.63+0.04 30.7+£4.46 0.021+0.003
Ser 0.23+0.01 21.6+1.85 0.011+0.001
Leu N.C.
Ala 15.38+0.71 20.0+3.24 0.769+0.128
Asp 3.09+0.19 13.6+2.40 0.227 +0.042
Ser 2.86+0.11 20.9+2.30 0.137+0.016
Arg 0.36+0.02 36.6+6.16 0.010+0.002
Leu 0.61+0.06 217+45.3 0.003+0.001
Ala N.C.
Asp N.C.
Leu N.C.
Ser N.C.
Arg 0.49+0.02 26.3+3.47 0.019+0.003
Ser 0.56£0.06 33.7+5.85 0.017+0.003
Ala 0.33+0.03 63.8+12.7 0.005+0.001
Asp 0.35+0.05 78.4+20.2 0.004+0.001

Nph i8 p-nitro-L-phenylalanine. N.C., not cleaved under standard condition (0.1 M sodium formate buffer, pH 3.5).

TABLE 1. Kinetic parameters for hydrolysis of P,-substituted RS6 substrates by J-4.

B, P A B P P P P o - v

Lys Pro Arg Glu Phe Nph Arg Leu 4.22+0.16 14.2+1.52 0.297+0.033
Ile* 5.21+0.20 21.2+2.24 0.246+£0.027
Thr 2.82+0.08 15.1+£1.35 0.187+0.018
Glu 1.97+0.07 10.6+1.20 0.186+0.022
Gln 2.96+0.08 21.1+1.53 0.140+0.011
Lys 3.971+0.06 33.4+1.40 0.119+0.0056
Asn 1.17+£0.04 12.1+1.49 0.097+0.012
Ser 1.25+0.056 13.2+1.66 0.095+0.013
Leu 0.89+0.03 30.41+3.14 0.029+0.003
Asp 0.42+0.03 21.9+0.17 0.019+0.001
Phe N.C.

Nph is p-nitro-L-phenylalanine. * indicates the parent substrate. N.C., not cleaved under standard condition (0.1 M sodium formate buffer, pH
3.5).

TABLE II. Kinetic parameters for hydrolysis of P,-substituted RS8 substrates by J-4.

P, P P, P, P, S o = e,

Iys Pro  Te  Pro Phe  Nph A Leu 9.6540.38 137130 0.70410.072
Ala 15.720.70 250+2.63  0.628+0.071
Asn 2.63+0.04 5431048  0.48710.046
Glu® 5.21+0.20 21.2+2.24  0.24640.027
Asp 3.6410.23 16.142.76  0.2261+0.042
Ser 4.08+0.44 25.3+4.96  0.161+0.036
Nle 1.750.08 18.8+2.38  0.093+0.013
Thr 0.56+0.03 33.3+2.62  0.017+0.002
Arg 0.2210.01 166+2.49  0.0131+0.002
His 0.21+0.01 2704313 0.008+0.001
Val 0.12:£0.01 2341358  0.005+0.001
Lys 0.15£0.01 4164658  0.004+0.001
Ile 0.15:£0.01 4445446 0.00330.000

Nph is p-nitro-L-phenylalanine. * indicates the parent substrate.
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(3) The Effect of the P, Position—The effect of the P,
position was examined in hydrolysis of XVI and its deriva-
tives and the RS6 series (Tables I and II). The best P,
replacement was Asp in the XVI series and Arg in the RS6
series. Comparison of the specificity constant for Lys-Pro-
Arg-Lys-Phe-Nph-Arg-Leu (0.021) with that for Lys-Pro-
Arg-Glu-Phe-Nph-Arg-Leu (0.297) reveals that the RS-6
series is hydrolyzed roughly 15 times more efficiently.

Among the RS6 substrates, the specificity constant with
the Leu substituent was about 10% of that with an Ile
substituent. In addition, the Phe substituent yielded a
peptide that was not hydrolyzed. These results suggest that
J-4 has very strict steric selection at the S, subsite. The
observation that J-4 cleaves peptide with Arg at P, stands
in sharp contrast to the properties of porcine pepsin, which
does not favor Arg substitution (51).

(4) The Effect of the P, Position—Previously, Ito et al.
reported that the hydrophobic interaction of the S, subsite
of PCP with the P, position of the X V1 series substrates was
particularly important (44), and that the S, subsite of PCP
may be similar to those of cathepsin D (50) and cathepsin
E (49), rather than that of XCP.

The preference of J-4 for this position revealed some
unique features. Tables I and III summarize the kinetic
parameters for hydrolysis of XVI and RS6 substrates series
by J-4. The specificity constant for hydrolysis of the XVI
peptide having an Ala residue in P, position was 0.769
uM™'.57' Those of RS6 peptides with Pro and Ala in
position P, were 0.704 and 0.628 pyM~'.37!, respectively.
These values were highest of all substrates tested in this
study. The order of specificity constants presented in
Tables I and ITI showed that J-4 preferentially hydrolyzed
the peptides having a Pro, Ala, or Asn residue in the P,
position. The side chains of these residues are comparably
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small. Moreover, the specificity constants of the peptides
having a negatively charged amino acid residue (Asp in the
XVI substrate, Glu or Asp in the RS6 substrate) in the P,
position were higher than those with a positively charged
residue (Lys and Arg for both substrate series). The Leu
substituent in XVI, and Ile and Val substituents in RS6
gave poor substrates for hydrolysis by J-4. These results
suggest that the S; subsite of J-4 is small and occupied by
positively charged amino acid residues.

J-4 hydrolyzed the peptide having a Pro residue in the P,
position. This peptide was not hydrolyzed by cathepsin E
(49), porcine pepsin (51), and other pepstatin-sensitive
carboxyl proteinases (data not shown). We also summarize
the specificity constants for hydrolysis of XVI peptides with
P, substituents by several carboxyl proteinases (48-51)
(Fig. 1). Only J-4 preferentially hydrolyzed the peptide
having an Ala residue in the P, position rather than a Leu
residue. These findings make J-4 unique among the carbox-
yl proteinases reported to date.

(56) The Effect of the P,’ Position—dJ-4 did not hydrolyze
any peptide in which the Arg in XVI P,” position was
replaced by another amino acid residue (Table I). In the
RS6 substrate series, differences appeared in the specificity
constants for hydrolysis (Table IV). J-4 preferentially
hydrolyzed peptides having Arg, Glu, or Lys residues in the
P,’ position. This suggests that the S, subsite of J-4 is
occupied by a hydrophilic amino acid residue, or it is largely
exposed to the solvent. However, the replacement of Glu by
Asp caused a decrease in the specificity constant. The
reason could be that the side chain of Asp is smaller than
Glu. That is, the S,” subsite of J-4 may be slightly larger
than those of other carboxyl proteinases.

In the case of PCP and XCP, the specificity constants of
the XVI substrate with Arg at P,” were almost equivalent to

TABLE IV. Kinetic parameters for hydrolysis of P, -substituted RS6 substrates by J-4.

P, P P, P, P, X S X o) o vie

Lys Pro Ile Glu Phe Nph Arg* Leu 5.21+0.20 21.2+2.24 0.246+0.027
Glu 5.46+£0.19 33.6+£3.37 0.163+£0.017
Lys 2.87+0.07 1954213  0.147+0.016
Ala 1.3820.04 36.7+3.04  0.038+0.003
Leu 1.614+0.08 63.8+£7.65 0.028+0.004
Asp 1.95+0.17 96.4+13.8 0.020+0.003
Asn 1.31+0.12 82.1+15.6 0.016+0.003
Val 0.67+0.03 48.415.24 0.014+0.002
Ser 0.69+0.06 74.3£11.0 0.009+0.001
Tle N.C.

Nph is p-nitro-L-phenylalanine. * indicates the parent substrate. N.C., not cleaved under standard condition (0.1 M sodium formate buffer, pH

3.5).

TABLE V. Kinetic parameters for hydrolysis of P,’-substituted RS6 substrates by J-4.

P, P P, P, P, X Py Py o o e,

Lys  Pro e Glu  Phe  Nph A Lew 5.21%0.20 212%2.24 0.246+0.027
Asp 8.7420.46 78.3+8.37 0.11210.013
Ser 8.22+0.50 79.419.70 0.104+0.014
Phe 4.61+0.37 49.9+9.35 0.0920.019
Ala 3.130.09 42.2+2.92 0.07410.006
Arg 2.1410.08 29.5+2.46 0.0730.007
Tle 2.560.06 37.8+2.75 0.0680.005
Val 4.05+0.25 61.8+8.60 0.06520.010
Tyr 3.2910.17 51.9+5.43 0.063:0.007

Nph is p-nitro-L-phenylalanine. * indicates the parent substrate.
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the values derived with other substituents. However, the
K., values of the peptide with a Leu substituent were much
lower than those of other substrates (data not shown).
These results indicate that the hydrophobic interactions
between the S,” subsite and the P,” position of substrates
are important for the enzymes PCP and XCP. The S,
subsite of most aspartic proteinases has been shown to be
hydrophobic in nature by X-ray crystal structure analysis.
The results in Table IV indicate that the S,” subsite of J-4
is very different from that of other carboxyl proteinases.

(6) The Effect of the Ps’ Position—The effect of the P,’
position was also examined. The kinetic parameters are
summarized in Tables I and V. The specificity constant for
hydrolysis of the peptide having a Leu residue in the Py’
position by J-4 was highest of all substituents in this
position. However, no significant difference was observed
between substituents in this position. A similar tendency
was observed for human cathepsin E, which has at least 7
subsites from S, to S;" (49).

In this study, we examined the substrate specificity of
J-4 by using two series of chromogenic peptide substrates.
J-4 preferentially hydrolyzed the RS6 substrates rather
than the XVI substrates. The reason for this seems to be a
difference in affinity between S, subsite of J-4 and P,
position of the substrates. In its specificity for position P, of
the substrate, J-4 was notably different from other carbox-
yl proteinases (Table III and Fig. 1).

We are now cloning the gene of J-4 to obtain more
detailed information on the structure-function relation-
ships of J-4. Hitherto, detailed studies on the specificity of
pepstatin-insensitive carboxyl proteinases have been lack-
ing. Kinetic analyses and information on the tertiary
structures of J-4 would be useful to elucidate the catalytic
mechanisms of this family. Comparison of this pepstatin-
insensitive carboxyl proteinases family with the classical
pepstatin-sensitive carboxyl proteinases family may pro-
vide further understanding of the evolution of carboxyl
proteinases.
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Fig. 1. Comparison of specific constants for
hydrolysis of XVI series peptides with P,
substitutions by several carboxyl protein-
ases. Specific constants of each enzyme for P,-sub-
stituted XVI (Lys-Pro-Ala-P,-Phe-Nph-Arg-Leu)
are shown as relative activity. In each case, the
highest activity was taken as 100%. Bacterial
enzymes: row 1, J-4 (the highest value was
observed for the Ala derivative, kw./Kn=0.77
uM-'-87'); row 2, PCP (the highest value was
observed for the Leu derivative, k../K,=8.16
uM~te87'); row 3, XCP (the highest value was
observed for the Leu derivative, ka./Kn=14.5
uM~'.57'). Mammalian enzymes: row 1, cathepsin
D (the highest value was observed for the Leu
derivative, kea/Kn=1.00 g4M~'.g""); row 2,
cathepsin E (the highest value was observed for
the Leu derivative, ka/Kn=1.60 uM~'+87'}; row
3, pepsin (the highest value was observed for the
Ala and Lys derivatives, ka./Kn=0.80 uM™'-
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