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Genome sequencing of the thermophilic archaeon Pyrococcus horikoshii OT3 revealed a gene which had high
sequence similarity to the gene encoding the carboxypeptidase of Sulfolobus solfataricus and also to that
encoding the aminoacylase from Bacillus stearothermophilus. The gene from P. horikoshii comprises an open
reading frame of 1,164 bp with an ATG initiation codon and a TGA termination codon, encoding a 43,058-Da
protein of 387 amino acid residues. However, some of the proposed active-site residues for carboxypeptidase
were not found in this gene. The gene was overexpressed in Escherichia coli with the pET vector system, and the
expressed enzyme had high hydrolytic activity for both carboxypeptidase and aminoacylase at high tempera-
tures. The enzyme was stable at 90°C, with the highest activity above 95°C. The enzyme contained one bound
zinc ion per one molecule that was essential for the activity. The results of site-directed mutagenesis of Glu367,
which corresponds to the essential Glu270 in bovine carboxypeptidase A and the essential Glu in other known
carboxypeptidases, revealed that Glu367 was not essential for this enzyme. The results of chemical modifica-
tion of the SH group and site-directed mutagenesis of Cys102 indicated that Cys102 was located at the active
site and was related to the activity. From these findings, it was proven that this enzyme is a hyperthermostable,
bifunctional, new zinc-dependent metalloenzyme which is structurally similar to carboxypeptidase but whose
hydrolytic mechanism is similar to that of aminoacylase. Some characteristics of this enzyme suggested that

carboxypeptidase and aminoacylase might have evolved from a common origin.

Pyrococcus horikoshii OT3 is one of the thermophilic ar-
chaea collected from a volcanic vent in the Okinawa Trough
(16, 20, 21). This archaeon’s optimum growth temperature
ranges from 90 to 105°C. Most of the proteins from P. horiko-
shii are expected to be thermostable and active at high tem-
peratures.

Carboxypeptidase (CP) (peptidyl-L-amino-acid hydrolase;
EC 3.4.12.1), which hydrolyzes the peptide bond at the C ter-
mini of peptides and proteins, is widely distributed in many
organisms. Mammalian carboxypeptidase A (CPA) and CPB
have been studied in detail (1, 11, 24). A thermostable CP is
useful for high-temperature analysis of the C-terminal amino
acid sequences of proteins. Recently, several thermostable
CPs from the thermophilic bacteria Thermoactinomyces vul-
garis (35, 36) and Thermus aquaticus (27, 28, 29) and the ther-
mophilic archaea Sulfolobus solfataricus (12, 13, 38) and Pyro-
coccus furiosus (8) have been characterized. Using genome
sequencing for P. horikoshii (20, 21), we found two kinds of
genes encoding CP-homologous proteins. One protein has
40% identity to the CP of T. aquaticus (28). The other has
approximately 45% identity to the CP of S. solfataricus (13)
and aminoacylase (N-acyl-L-amino acid amidohydrolase; EC
3.5.1.14) (3) of Bacillus stearothermophilus (33). In the latter
protein, some of the amino acids which corresponded to the
essential active-site residues in CP (11, 13) were not found.
The hyperthermostable aminoacylase is useful for the indus-
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trial production of stereoisomers from racemates (9, 10). In
addition, the aminoacylase activity in CP has biological signif-
icance from the viewpoint of enzyme evolution (4, 33). There
has, however, been no report of an enzyme which has signifi-
cant activities of both CP and aminoacylase. In this study, we
tried to clone the latter from P. horikoshii and express the
protein in Escherichia coli to examine its characteristics.

MATERIALS AND METHODS

Cloning and expression of the gene. The gene that is homologous to the
S. solfataricus CP gene was amplified using PCR with two primers containing
unique restriction sites (Ndel and Xhol). The synthesis of DNA primers was
performed at the custom service center of Takara Shuzo (Otsu, Shiga, Japan).
Amplification by PCR was carried out at 94°C for 1 min, 55°C for 2 min, and 72°C
for 3 min for 35 cycles using Pfu DNA polymerase from Takara Shuzo. The
amplified gene was hydrolyzed using the restriction enzymes and inserted into a
pET11a vector—the BamHI site was changed to a Xhol site with site-directed
mutagenesis—cut by the same restriction enzymes. The DNA sequencing was
carried out with an ABI model 373 sequencer (Applied Biosystems, Foster City,
Calif.). The amplified gene was expressed using the pET11a vector system in the
host E. coli BL21(DE3) according to the manufacturer’s instructions (Novagen,
Madison, Wis.). The transformant cells were grown in 2YT medium (1% yeast
extract, 1.6% tryptone, and 0.5% NaCl) containing CaCl, (0.2 mM), CoCl, (0.2
mM), MnCl, (0.2 mM), ZnCl,(0.2 mM), and ampicillin (100 wg/ml) at 37°C.
After incubation with shaking at 37°C until the optical density at 600 nm reached
0.6 to 1.0, the induction of the recombinant protein was carried out by adding
isopropyl-B-p-thiogalactopyranoside at a final concentration of 1 mM and shak-
ing for 4 h at 37°C.

Purification of the recombinant enzyme from E. coli. After induction, the
transformant cells were harvested by centrifugation and frozen at —20°C. The
cells were disrupted by sonication for 10 min in 50 mM sodium phosphate buffer
(pH 6.0) containing 0.6 M NaCl at room temperature. After incubation with
DNase I for 30 min at room temperature, the crude extract was heated at 85°C
for 30 min. The supernatant obtained by centrifugation was dialyzed against 50
mM Tris-HCI buffer (pH 8.0). The dialyzed sample was loaded on a HiTrap Q
column (Pharmacia, Uppsala, Sweden). The column was washed with 50 mM
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Tris-HCl buffer (pH 8.0) and eluted with a linear NaCl gradient (0 to 1.0 M in
the same buffer). The fractions which showed a protein with the molecular mass
calculated from the sequence of the enzyme were pooled and concentrated using
a Centricon 10 filter (Amicon, Beverly, Mass.). The concentrated solution was
loaded on a HiLoad Superdex 200 column (Pharmacia) and eluted with 100 mM
Tris-HCI buffer (pH 8.0) containing 1.0 M NaCl. The fractions demonstrating
only one band, with a molecular mass of 43 kDa determined by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), were collected and
used for the detailed characterization of the enzyme. The concentration of the
enzyme was determined using a Coomassie protein assay reagent (Pierce Chem-
ical Company, Rockford, I11.) with bovine serum albumin as the standard protein.
The sequencing of the protein was performed at the custom service center of
Takara Shuzo

Molecular mass determination. The molecular mass of the enzyme was de-
termined using SDS-PAGE performed on a 10-to-15% gradient Phast gel with
the Phast System (Pharmacia). The sample solution was mixed with the SDS
sample buffer and incubated at 100°C for 15 min before sample application. The
molecular mass was also determined using high-performance liquid chromatog-
raphy (HPLC) performed on a Superdex 200 column of Pharmacia. The elution
was carried out using 100 mM Tris-HCI buffer (pH 8.0) containing 1.0 M NaCl
at 1.5 ml/min.

Enzyme assay. Carbobenzoxyl (Cbz) amino acids (Cbz-F, Cbz-G, and Cbz-R)
and peptides (Cbz-G-A, Cbz-G-F, Cbz-G-M, Cbz-G-N, Cbz-G-W, and Cbz-G-
G-F), and N-acetyl (Ac) amino acids were purchased from Sigma (St. Louis,
Mo.) or Bachem (Bubendorf, Switzerland). Other peptides (G-F, G-G-F, G-G-
G-F, R-Y-M-G-F, F-R-Y-M-G, Ac-G-F, Ac-G-G-F, Ac-G-G-G-F, Cbz-G-R,
Cbz-G-Y, and Cbz-Y) were purchased from Peptide Institute (Minou, Osaka,
Japan). The hydrolytic activity of the enzyme was measured using the peptides,
Cbz amino acids, and Ac amino acids as substrates. The enzyme (0.1 to 1.0
png/ml) was incubated at 85°C with the substrates in 50 mM sodium phosphate
buffer (pH 7.5) containing 5% N,N-dimethylformamide (DMF; solvent for the
substrates). Hydrolytic activities for the above substrates were measured by
detecting the exposed a-NH, group using the cadmium-ninhydrin colorimetric
method (14). One unit of enzyme activity is defined as the amount of enzyme
which hydrolyzes 1 wmol of substrate per min. The values of K,,, and k., were
determined by the nonlinear least-squares method with the Taylor expansion
(34). The products from the peptides were examined using HPLC on a TSKgel
octyldecyl silane (ODS)-80Ts column (4.6 mm [inside diameter] by 25 cm; Tosoh,
Tokyo, Japan). The flow rate was 0.7 ml/min with 95% water, 5% acetonitrile,
and 0.1% trifluoroacetic acid. The products were detected with a UV monitor (at
230 nm). Analysis of the amino acids released from the peptides was performed
using an amino acid analyzer (L8500A; Hitachi, Tokyo, Japan) after the hydro-
Iytic enzyme reaction was stopped by the addition of acetic acid to a final
concentration of 1 N.

Chemical modification. Chemical modification of Cys residues in the enzyme
was carried out with Ellman reagent [DTNB; 5,5'-dithiobis(2-nitrobenzoic acid)]
(15). The enzyme solution (1 mg/ml) was incubated with DTNB (0.5 mM) in 50
mM sodium phosphate buffer (pH 8.0) at 30°C. The number of modified Cys
residues was determined spectrophotometrically at 412 nm. After the reaction,
excess Cys was added to the reaction mixture and the modified enzyme was
dialyzed against 50 mM Tris-HCI buffer (pH 8.0) at 4°C.

Preparation of the mutants. Construction of the mutant enzymes with the
mutations E367Q (Glu367 —Gln), C102A, and C102S was performed by site-
directed mutagenesis using PCR (31). The entire region of the DNA fragment
was sequenced to verify that only the expected mutation had occurred. The
expression and purification of the mutant enzymes were performed using the
same methods as for the wild type.

Analysis for bound metal ions. The purified enzyme was analyzed for bound
metals by inductively coupled plasma atomic emission spectroscopy (ICP-AES)
(model TRIS AP; TJASolutions, Franklin, Mass.). The purified enzyme was
dialyzed against 50 mM sodium phosphate buffer (pH 7.5). The dialyzed enzyme
(0.5 mg/ml) was used for the analysis, and the amount of zinc was calculated
using a zinc standard solution.

Nucleotide sequence accession number. The sequence reported in this paper
has been deposited in the DDBJ/GenBank/EMBL DNA databases with acces-
sion number AB009503.

RESULTS

Expression of the enzyme. Genome sequencing of P. hori-
koshii revealed two genes (PH0465 and PH1043) having simi-
larity to the CP gene. In this study, we cloned one (PH1043) of
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FIG. 1. Sequence comparison of the PP (CP and aminoacylase ac-
tivities) from P. horikoshii, the CP from S. solfataricus, and the ami-
noacylase from B. stearothermophilus (top, middle, and bottom,
respectively). Dashes indicate gaps. Numbers on the left represent
the position of the first residue in the original sequence. Conserved
residues between PP and CPS and among the three enzymes are
marked with pluses and asterisks, respectively. The seven major
homology blocks (B1 through B7) in CPs were assigned by Colombo
et al. (13), and the putative residues participating in the activity are
in bold.

them. The open reading frame of 1,164 bp was preceded by
AT-rich regions in which a putative ribosome-binding site,
GGCGAT, at position —6 and a putative promoter consensus,
TTAAAG, at position —31 from the ATG initiation site were
found (DDBJ/GenBank/EMBL DNA databases, accession
number AB009503). This consensus resembles the eukaryotic
TATA box and has been confirmed to be the archaeal consen-
sus sequence TT(A/T)(T/A)AX, as determined by analysis of
over 80 archaeal promoters (32). The amino acid sequence
predicted from the gene had approximately 45% identity to CP
from S. solfataricus (Fig. 1) (13); however, most of the pro-
posed active-site residues of CP (11, 13) are not found in this
amino acid sequence. In addition, the sequence had about 45%
identity to aminoacylase from B. stearothermophilus (33) (Fig.
1). In the sequence and in the CP from S. solfataricus (CPS),
seven major homology blocks (B1 to B7) in CP, assigned by
Colombo et al. (13), were well conserved (Fig. 1). In the se-
quence and aminoacylase from B. stearothermophilus (33), the
last two blocks (B6 and B7) were not conserved (Fig. 1).

The gene was amplified with PCR, and the expressed en-
zyme was purified from 2 liters of culture, yielding 3.1 mg of a
43-kDa protein (as determined by SDS-PAGE [Fig. 2]). The
first 15 amino acid residues of the enzyme were determined by
sequence analysis of the N terminus. A Met residue at the N
terminus of the nascent polypeptide was detected, and the
N-terminal sequence was identical to that anticipated from the
nucleotide sequence. The molecular mass of the purified en-
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FIG. 2. SDS-PAGE (10-to-15% gradient gel) of the purified en-
zyme (lane 1). The molecular mass standards (lane 2) were phosphor-
ylase b (94 kDa), bovine serum albumin (67 kDa), ovalbumin (43 kDa),
carbonic anhydrase (30 kDa), soybean trypsin inhibitor (20 kDa), and
a-lactoalbumin (14.4 kDa)

zyme, as determined by SDS-PAGE, was consistent with that
calculated from the sequence (43,058 Da). The molecular mass
determined by HPLC was 95 kDa.

Enzyme activity and substrate specificity. At 85°C and pH
7.5, crude extracts of E. coli BL21(DE3) not transformed with
the cloned gene had no hydrolytic activity for a variety of
different peptides and Cbz amino acids, whereas the purified
enzyme exhibited hydrolytic activity for them. The rates of
these reactions were proportional to the enzyme concentra-
tions examined, and the hydrolyzed substrate was less than
15% of the total substrate. From the peptide substrates Ac-
G-F, G-F, Cbz-G-F, Cbz-G-G-F, G-G-F, G-G-G-F, Ac-G-G-F
and Ac-G-G-G-F, only the release of F was detected by HPLC
analysis, less than 10% of the substrate hydrolyzed. Table 1
shows the substrate specificity of the enzymatic activity, and
less than 10% of the substrate hydrolyzed. In Table 1, the
specific activity of the hydrolysis at the cleavage sites is shown.
The order of amino acids released from the peptides R-Y-M-
G-F and F-R-Y-M-G was examined at 85°C and pH 7.5. This
enzyme released amino acids sequentially from the C-terminal
end of the substrates (data not shown) without a significant
multiple-attack mechanism (2). During the reaction, endo-type
peptidase activity was not observed by HPLC analysis. From
these results, it was concluded that the enzyme has peptidase
activity (exo-type peptidase from the C terminus) at high tem-
peratures. This exo-type peptidase (herein referred to as PP)
displayed approximately 100-fold greater hydrolytic activity for
Cbz-F than Cbz-G-G-F (Table 1). The release of F from Ac-
G-F and G-F was faster than that from Cbz-F, G-G-F, and
G-G-G-F by PP. The hydrolytic activity for the above sub-
strates is referred to CP activity. In addition to the above
substrates, N-acetyl-L-amino acids (Ac amino acids), but not
N-acetyl-pD-amino acids, were also hydrolyzed by PP at high
temperatures. HPLC analysis of Ac peptide products revealed
that an Ac residue was not released from Ac peptides by PP. It
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was concluded that PP also had N-acyl-L-amino acid amidohy-
drolase activity. This activity is referred to as aminoacylase
activity. Table 2 shows the kinetic parameters of the activities.
The affinity for Cbz-F was similar to that for Ac-F, whereas the
affinity for the peptides was independent of their length. The
optimum pH of both the CP and aminoacylase activities at
85°C was around pH 7.5. The temperature-dependent activity
of PP was examined for 10 min using Cbz-G-F and Ac-M as
substrates in 50 mM phosphate buffer (pH 7.5) containing 0.5
mM ZnCl, and 5% DMF. The highest CP and aminoacylase
activities of PP were observed at temperatures over 95°C, and
no decrease of the activities was observed at 90°C for 24 to
48 h.

Figure 3 shows the Lineweaver-Burk plot of CP and amino-
acylase activities in PP. In the case of aminoacylase activity, the
activity for Ac-M decreased remarkably at concentrations of
Ac-M higher than 15 mM (Fig. 3B). Even at high concentra-
tions of the substrate, products other than the hydrolytic prod-
ucts from Ac-M were not detected using HPLC analysis. No

TABLE 1. Substrate specificity of PP for Cbz peptides, Cbz amino
acids, peptides, Ac peptides, and Ac amino acids®

10 mM
J
Cbz-F 55.9 47
Cbz-G-iF 119 100
Cbz-G-G-iF 0.571 0.48
Cbz-iG 63.0 53
Cbz-iR 0.014 0.01
G:LF 107 90
G-G-iF 1.21° 1.0
G-G-G-iF 0.551° 0.46
Ac-G-J/F 105¢ 88
Ac-G-G:LF 0.773° 0.65
Ac-G-G-G-iF 0.48> 0.40
5 mM
J
Ac-M 38.1 43
Ac-iY 373 29
Ac-iF 24.9 27
Ac-iA 10.5 15
Ac-{N 1.99 2.7
Ac-iG 7.40 2.1

“ The hydrolytic reaction was carried out at 85°C in 50 mM phosphate buffer
(pH 7.5) containing 5% DMEF. The cleavage site for the substrate is shown by the
aIrow.

® The hydrolytic activity (release of F) was measured by HPLC.
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TABLE 2. Catalytic parameters of wild-type PP, E367Q, C102A, and C102S for Cbz peptides and Ac amino acids”

Wild-type PP E367Q C102A C1028
Substrate
K, (mM) Kear (s71) K., (mM) Kear (s71) K, (mM) Keat (s71) K, (mM) Kea (s71)

Cbz-F 7.35 £ 1.40 914 = 11.6

Cbz-G-F 4.51 = 0.90 101 £ 6.6 5.16 £ 0.99 150 £9.2 ND <0.001 7.10 = 1.10 0.0108 * 0.0030
Gcez-G-G-F 3.10 £ 0.51 0.792 = 0.19

Ac-F 5.20 = 0.49 34.0 =42 6.64 = 0.90 373 +5.1 ND <0.001 6.20 = 1.90 0.0208 = 0.0051
Ac-M 4.18 £0.53 45.6 £4.9

G-F 5.07 = 0.99 103 £7.9

“ The hydrolytic reaction was measured at 85°C in 50 mM sodium phosphate buffer (pH 7.5) containing 5% DMF, and the substrate that hydrolyzed was less than
10% of the total substrate. The parameters for Ac-F and Ac-M were measured using less than 12 mM substrate. Values are means * standard deviations for five

determinations. ND, not determined.

other condensation reaction was observed with HPLC. Simi-
lar phenomena were observed for Ac-Y, Ac-F, Ac-A, Ac-W,
Ac-G, and Ac-R. No decrease in activity was observed in the
other substrate peptides and Cbz amino acids (Fig. 3A). The
dependence of the activities of PP on Ac amino acids and Cbz
peptides was examined (Fig. 3). The change in CP activity for
Cbz-G-F was measured in the presence of Ac-M (Fig. 3A). CP
activity was measured from the release of F, detected by HPLC
analysis. CP activity was inhibited competitively by Ac-M acid
with a K; of 490 = 1.12 mM. The change in aminoacylase
activity for Ac-M was measured in the presence of Cbz-G-G-F
(Fig. 3B). During the assay, the release of F was not detected
by HPLC. Aminoacylase activity was inhibited competitively by
Cbz-G-G-F, with a K; of 2.93 = 0.98 mM.

When PP was incubated with 5 mM vr-benzylsuccinate, a
strong competitive inhibitor of CP (6), in the enzyme assay for
10 min at 85°C, neither CP nor aminoacylase activity was de-
tected using the substrates Cbz-F, Cbz-G-F, Ac-M, and Ac-F.
L-Benzylsuccinate competitively inhibited both activities at pH
7.5 and 85°C, with the following result: K; = 1.0 X 10”2 mM.

Chemical modification. It has been speculated that amino-
acylase has an essential SH group at the active site (18, 22, 25).

PP has two Cys residues. When PP (1.0 mg/ml) in 50 mM
phosphate buffer (pH 8.0) was incubated with DTNB (0.5 mM)
for 1 h at 30°C, 1.81 £ 0.41 mol of Cys per mol of monomer
enzyme protein were modified by DTNB, and both CP and
aminoacylase activities of PP were decreased to less than 0.1%
of the those of native PP. Figure 4 shows the rate of loss of the
activity for Cbz-G-F by DTNB. The reaction followed pseudo-
first-order kinetics during the initial phase of inactivation. The
pseudo-first-order rate constant (k,,,) for the decrease of ac-
tivity was obtained by plotting the data on a semilogarithmic
scale (Fig. 4A). The pH dependence of the reaction of the
essential SH group with DTNB was examined. The pH effect
on the k., value was analyzed to determine the sulfhydryl pK

app
(= —log K) value according to the following equation (7):

Kupp = Kappmas/(1 + 10°% 7 PH) (1)
where k,,pma. and K represent the maximal first-order rate
constant and proton dissociation constant for ionizing SH res-

idues, respectively. A plot of these data according to equation
1 yielded a pK of 8.51 = 0.04 (Fig. 4B).
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FIG. 3. Effect of substrate concentration (Cbz-G-F [A] and Ac-M [B]) on the initial rate (v) of hydrolysis (double-reciprocal plot). The
hydrolytic activities were measured in the presence (@) (5 mM) and absence (O) of Ac-M (A) and Cbz-G-G-F (B), at 85°C in 50 mM sodium

phosphate buffer (pH 7.5) containing 5% DMF.
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FIG. 4. pH dependence of DTNB inactivation. (A) The enzyme
solution (1 mg/ml) was incubated with DTNB (0.5 mM) at 30°C in 50
mM sodium phosphate buffer (pH 6 to 8), and 50 mM NaH,PO,-
Na,B,O, buffer (pH 8 to 9.5). The reaction was terminated at the
indicated times by transferring an aliquot of the mixture to an equal
volume of 50 mM phosphate buffer (pH 7.5) containing 40 mM Cys.
The residue activity of the modified enzyme was measured with Cbz-
G-F as the substrate at 85°C in 50 mM sodium phosphate buffer (pH
7.5) containing 5% DMF. (B) Replot of pseudo-first-order rate con-
stant versus pH. The solid line represents the fit of the data to equation
1 with a pK of 8.51 and a k,,,max Of 0.050 sL

Metal ions bound to PP. Analysis by ICP-AES showed that
PP contained 1.22 mol of zinc ion and 0.17 mol of calcium ion
per mol of monomer enzyme protein. The analysis also showed
that PP did not contain cobalt, manganese, molybdenum,
nickel, magnesium, or copper ions. The effect of the metal-
chelating reagent EDTA on the activity of PP was examined.
When PP was dialyzed against 50 mM EDTA (pH 7.5) for 10 h
at 4°C and then against 50 mM sodium phosphate buffer (pH
7.5), both CP and aminoacylase activities of PP decreased to
less than 1.0%. Both activities were restored by incubation in
50 mM sodium phosphate buffer (pH 7.5) containing ZnCl,,
MnCl,, or CoCl, at 4°C for 1 h. The restorative effect was
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dependent on the concentration of the metal ions. Eighty-
eight, 23, and 20% of activities were restored by adding 1.0 mM
ZnCl,, 1.0 mM MnCl,, and 0.1 mM CoCl,, respectively.

Mutants of PP. According to the alignment of the primary
sequence (13) and the structure (11) of CPA, Glu367 in PP is
the conserved residue which has been thought to be one of the
essential active-site residues for CP. In addition, from the
sequence similarity of aminoacylase (22), it was speculated that
Cys102 in PP might be important for the activity of aminoacy-
lase. The three mutant PPs (E367Q, C102A, and C102S) were
constructed, expressed, and purified. The yields of the ex-
pressed mutants were similar to that of wild-type PP. These
mutant enzymes contained 1 mol of zinc ions per mol of mono-
mer enzyme protein. Table 2 shows the catalytic parameters of
wild-type PP, E367Q, C102A, and C102S. In E367Q, the k.,
value increased slightly, whereas the K, value did not change
for Cbz-G-F and Ac-F as substrates. Substrate inhibition of
aminoacylase activity in E367Q was also observed. The tem-
perature-dependent activity and pH profile of the activity of
E367Q were similar to those of wild-type PP. The hydrolytic
activity of C102A was not detected. The k,, values of C102S
were reduced by a factor of about 10*-fold relative to those of
wild-type PP with Cbz-G-F and Ac-F as substrates. The K,
values of C102S were similar to those of wild-type PP.

For E367G, C102A, and C102S, 1.70, 0.80, and 0.73 mol of
Cys per mol of monomer proteins were modified by DTNB,
respectively, using the method described above. As a result of
this chemical modification, the activity of E367Q was de-
creased to less than 0.1% of wild-type PP activity but that of
C102S was not influenced.

DISCUSSION

Thermostable CPs from microorganisms have been found
recently (12, 13, 27-29, 35, 36, 38). Most CPs have the con-
served amino acid residues which have been thought to be
essential to their activity. The gene from P. horikoshii, which
has high sequence similarity to the CPS gene, was expressed
using E. coli. From the N-terminal sequence analysis and the
activity of the expressed enzyme, it was concluded that efficient
translation of the P. horikoshii gene occurred inside the E. coli
cells. In spite of the absence of the speculated active-site res-
idues for CP, the expressed enzyme (PP) had both CP and
aminoacylase activities at high temperatures. Data from HPLC
and SDS-PAGE suggested that PP was unlikely to be a mono-
mer structure. Competitive inhibition by L-benzylsuccinate, Ac
amino acids, and Cbz peptides indicates that the active center
for CP activity is the same as for aminoacylase activity in PP.
Tables 1 and 2 show that the active site of PP is suitable for
relatively small substrates, and PP may primarily be a dipepti-
dase with greater specificity for the C-terminal carboxyl group
and lesser specificity for the acyl group. Peptides, amino acids,
acyl groups, and Cbz can be accommodated on the a-amino
group of the C-terminal residue by PP. The decrease in ami-
noacylase activity at high substrate concentrations indicates
that PP has a strong substrate inhibition for aminoacylase. Ac
amino acids seem to participate in nonproductive binding
modes in PP.

Some CPs belong to metalloproteases (5, 17, 30) containing
zinc ions. Analysis by ICP-AES and the observation that ac-
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tivity can be restored by adding metal ions indicate that the
binding of one zinc ion to the enzyme has an important role in
the activity of PP. Weak activation of PP by cobalt or manga-
nese ions similar to that of some zinc-dependent metallocar-
boxypeptidases has also been observed (26, 28). The results
indicate that PP is one of the zinc-dependent metalloenzymes.
It has been reported that the zinc-dependent metallocar-
boxypeptidases carry a zinc ion at the active site associated
with two His side chains, one Glu side chain, and one water
molecule (23). His69, Glu72, and His196 are involved in zinc
chelation in CPA (11) and conserved well in CP. However, PP
has only one conserved His, at position 100 in region B2,
corresponding to His69 in CPA (11) and His104 in CPS (13)
(Fig. 1). Aminoacylases from S. solfataricus and B. stearother-
mophilus were also activated by zinc, cobalt, or nickel (33; A.
Boyen, C. Legrain, A. Pierard and N. Glansdorff, Thermo-
philes *96, abstr. 179, 1996). The MHACGHD sequence in B2
(Fig. 1) was not conserved as the zinc chelation motif of CP
(29, 37), but was conserved well in PP, CPS, and aminoacylase
from B. stearothermophilus. The mechanism of zinc chelation in
PP may be a little different from those in the known zinc-
dependent metallocarboxypeptidases.

A common origin for CP and aminoacylase has been sur-
mised from their sequence similarity (4, 33) and the similarity
of the hydrolytic pattern (hydrolysis of the carboxyl amide of
the amino residue at the C-terminal amino acid) in the sub-
strates. In S. solfataricus, aminoacylase (Boyen et al., Thermo-
philes 96) and CP (12) were present but existed as separate
enzymes. To date, no bifunctional (CP and aminoacylase) en-
zyme has been found. To the best of our knowledge, PP is the
only enzyme having significantly high levels of both activities.
Glu270 in CPA is one of the most important residues for
proton transfer in the hydrolytic mechanism (11). In PP,
Glu270 of CPA has been conserved and identified at position
367 (Glu367). The result of site-directed mutagenesis of
Glu367 indicates that Glu367 is not required for hydrolytic
activity in PP. We have no information about the structure and
hydrolytic mechanism of aminoacylase. However, it has been
suggested that aminoacylase has an essential Cys residue which
is located at the active site (18, 22, 25). This chemical modifi-
cation study of PP, producing a reasonable value of pK for the
Cys residue, suggests that at least one of the Cys residues in PP
is important for the activity. The characteristics of C102A and
C102S indicate that Cys102 is important for the activity, the
substrate binding site of C102S is similar to that of wild-type
PP, and the hydroxyl group of Ser102 could serve as the thiol
group of Cys102 in PP, as observed in the case of trypsin (19).
From the above results and the results of the chemical modi-
fication of mutant CPs, it was concluded that Cys102 was lo-
cated at the active center and was one of the essential amino
acids for the activity in PP. It seems that PP has a structure
similar to those of other CPs and a hydrolytic mechanism
similar to that of aminoacylase. Some characteristics of PP
suggest that CP and aminoacylase evolved from a common
origin similar to PP. Detailed studies of the hydrolytic mech-
anism of PP should prove informative with regard to the mo-
lecular evolution of these enzymes.

Because of its thermostability, PP is expected to be useful for
hydrolysis of some peptides and for the production of L-amino
acid derivatives from racemates at temperatures over 90°C.
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