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Mammalian metallocarboxypeptidases play key roles in major biological processes, such as digestive-protein
degradation and specific proteolytic processing. A Sulfolobus solfataricus gene (cpsA) encoding a recently
described zinc carboxypeptidase with an unusually broad substrate specificity was cloned, sequenced, and
expressed in Escherichia coli. Despite the lack of overall sequence homology with known carboxypeptidases,
seven homology blocks, including the Zn-coordinating and catalytic residues, were identified by multiple
alignment with carboxypeptidases A, B, and T. S. solfataricus carboxypeptidase expressed in E. coli was found
to be enzymatically active, and both its substrate specificity and thermostability were comparable to those of
the purified S. solfataricus enzyme.
seven blocks of homology with known metallocarboxypeptidases, spanning the Zn-coordinating histidines, can be identified. We also show that S. solfataricus carboxypeptidase expressed in Escherichia coli is enzymatically active and that both
its substrate specificity and thermostability are comparable to
those of the purified S. solfataricus enzyme.

Mammalian metallocarboxypeptidases play key roles in major biological processes, ranging from digestive-protein degradation, as effected by carboxypeptidases A and B (9, 13), to
specific proteolytic processing, as in the maturation of biologically active peptides. This latter is the role, for instance, of
carboxypeptidase N and enkephalin convertase (10, 17).
Little is known, however, regarding microbial carboxypeptidases. Recent studies led to the cloning and crystallization of a
metallocarboxypeptidase from Thermoactinomyces vulgaris (27,
29), which was shown to possess a dual substrate specificity,
namely, the capacity to cleave both hydrophobic and basic
amino acid residues, combining the activities of carboxypeptidases A and B, respectively. Sequence comparison revealed a
sequence similarity of approximately 30% and a three-dimensional structure very similar to those of both of these mammalian enzymes (27, 29). Another microbial carboxypeptidase
with broad substrate specificity was also isolated recently from
the thermophilic eubacterium Thermus aquaticus (16). However, no sequence data are so far available for this enzyme.
The lack of any knowledge regarding archaebacterial carboxypeptidases led us to purify and characterize one such enzyme from Sulfolobus solfataricus (3), an extreme thermoacidophilic archaebacterium, isolated from volcanic hot springs,
that grows optimally at 878C (7). We found that this protein is
a zinc metalloprotease endowed with a unique substrate specificity in that it could release basic, acidic, aromatic, and, to a
lesser extent, aliphatic amino acids from artificial substrates.
Also, it could withstand temperatures of up to 858C and some
organic solvents at up to 408C. Furthermore, we found that salt
bridges and the zinc ion play major roles in the kinetic thermal
stabilization of this molecule (30). Here, we report the molecular cloning and complete nucleotide sequence of the carboxypeptidase-encoding gene. We show that despite the lack of
overall sequence homology with known carboxypeptidases,

MATERIALS AND METHODS
Enzymology. S. solfataricus carboxypeptidase was purified as previously described (3). Carboxypeptidase activity was assayed as previously reported (3) by
a cadmium-ninhydrin colorimetric method (8). The enzyme was incubated at
608C in 120 ml of 0.1 M potassium MES (potassium morpholineethanesulfonic
acid) (pH 6.5) with, unless otherwise stated, 2 mM benzyloxycarbonyl-Arg as a
substrate. After suitable incubation times, 0.9 ml of cadmium-ninhydrin reagent
was added, the mixture was heated for 5 min at 848C, and the A505 was read. One
unit of enzyme activity is defined as the amount which hydrolyzes 1 mmol of
substrate per min under the above-mentioned conditions. For thermal stability

FIG. 1. Immunoblot analysis of Y1089/lCP14A lysogen, grown either in the
absence (2) or in the presence (1) of 1 mM IPTG, probed with either anti-bgalactosidase (A) or anticarboxypeptidase (B) antibodies. (C) Specificity of anticarboxypeptidase antibodies purified on lCP14A protein and probed on an S.
solfataricus crude extract (5 mg) (lane 7). Lanes 5 and 6, purified carboxypeptidase (50 ng) and an S. solfataricus crude extract (5 mg), respectively, probed with
the affinity-purified antibodies used in the immunological screening.
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FIG. 2. Nucleotide and deduced amino acid sequences of cpsA. The in-frame ATG and encoded Met are shown in boldface. The experimentally determined
N-terminal sequence is underlined; nonmatching residues are italicized. The nucleotide sequence is numbered in the 59-to-39 direction beginning with the first S.
solfataricus nucleotide sequenced.
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tests, extracts from BL21(DE3)[pLysE, pT7-7/CP14A] were heated for 3 min at
either 70 or 808C, and denatured proteins were eliminated by centrifugation.
Total proteins were assayed with the Pierce reagent. Sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) was performed by the method
of Laemmli (14). Immunoblotting was performed by standard techniques. Antibodies were raised in rabbits according to standard protocols (12). Specific
anticarboxypeptidase antibodies were affinity purified essentially as described
previously (26) with carboxypeptidase immobilized on nitrocellulose.
Enzymes, radioactive biochemicals, and synthetic oligonucleotides. Restriction enzymes were purchased from Promega (Madison, Wis.) and Boehringer
Mannheim (Mannheim, Federal Republic of Germany). Radioactive biochemicals were obtained from Amersham (Amersham, United Kingdom). Oligonucleotides were obtained from Primm s.r.l. (Milan, Italy).
Bacteria strains, genomic library, and cloning vectors. S. solfataricus MT-4
(ATCC 49155) was kindly supplied by A. Gambacorta, Istituto per la Chimica di
Molecole di Interesse Biologico del Consiglio Nazionale delle Ricerche, Arco
Felice, Naples, Italy. S. solfataricus cells were grown aerobically in a minimal
medium containing 2 g of yeast extract per liter as a carbon source and were
collected in stationary phase as described previously (7). The expression library
constructed in the lgt11 vector from S. solfataricus genomic DNA was kindly
provided by M. Rossi, University of Napoli, Naples, Italy. E. coli Y1090
(DlacU169 proA1 Dlon araD139 strA supF trpC22::Tn10 mcrA/pMC9) and Y1089
(DlacU169 proA1 Dlon araD139 strA hflA150 chr::Tn10/pMC9) were used for
plating lgt11 phages and obtaining lysogens, respectively (31). Plasmid
pGEM-3Z (Promega) was used for subcloning and DNA sequencing, while
plasmid pT7-7 (1) was used as an expression vector. E. coli JM101 [F9 traD36
proA1 proB1 lacIq lacZDM15/supE thi D(lac-proAB) (23)] and BL21(DE3)
[pLysE] [hsdS gal(lIts857 ind1 fSam7 nin5 lacUV5-T7 gene 1) (28)], respectively,
were used as hosts for these plasmids. The carboxypeptidase expression plasmid
was constructed as follows. The CP14A fragment containing the cpsA gene was
obtained by EcoRI digestion of plasmid pGEM-3Z/CP14A (see Results and
Discussion). After filling of recessed 39 termini, the CP14A fragment was inserted into SmaI-cut pT7-7, generating plasmid pT7-7/CP14A. The CP14A fragment contains the complete sequence of the gene encoding carboxypeptidase
and about 50 bp downstream of the translational stop codon; the 59 terminus of
this fragment contains the translational start codon, so that translation starts at
the plasmid ATG.
Isolation and characterization of phage clones. Standard recombinant DNA
techniques were performed as described by Sambrook et al. (23). The library was
screened with affinity-purified antibodies by an adaptation of the method of
Young and Davis (31). The insert of the positive clone was analyzed by restriction mapping, subcloned, and sequenced by the chain termination method with
the Pharmacia T7 sequencing kit as suggested by the manufacturer.
Computer analysis. The amino acid sequence of carboxypeptidase was compared with those of other proteins in the SwissProt protein sequence database by
using the FASTA program (18) as implemented in the Genetics Computer
Group package of programs. Homology analyses with proteins of the carboxypeptidase family were conducted with the Gibbs sampling algorithm (15) as
implemented in MACAW 2 (25). The algorithm locates relatively short patterns
that are shared by otherwise dissimilar sequences and that reflect structural and
functional constraints that arise from the energetic interaction among residues or
between residue and ligand, irrespective of evolutionary history.

Nucleotide sequence accession number. The cpsA sequence shown in Fig. 2 has
been deposited in the EMBL data library under accession number Z48497.

RESULTS AND DISCUSSION
Molecular cloning and nucleotide sequencing of cpsA, a carboxypeptidase-encoding gene from S. solfataricus. A carboxypeptidase-encoding gene was cloned by using an expression
library constructed from S. solfataricus genomic DNA in the
lgt11 vector. Phage clones were screened with affinity-purified anticarboxypeptidase antibodies; a positive phage, named
lCP14, was isolated by repeated plaque purification. A lysogen
for the positive phage was obtained by using E. coli Y1089 as
the host, and the proteins expressed were analyzed by immunoblotting with anticarboxypeptidase (Fig. 1B) and anti-b-galactosidase (Fig. 1A) antibodies; an IPTG (isopropyl-b-D-thiogalactopyranoside)-inducible fusion protein of ca. 158 kDa was
recognized by both antibodies (Fig. 1, lanes 2 and 4).
Antibodies affinity purified from the protein expressed by
the lCP14A recombinant lysogen recognized a protein comigrating with carboxypeptidase in an S. solfataricus crude extract
(Fig. 1C, lane 7). Moreover, in crude extracts of E. coli Y1089/
lCP14, the carboxypeptidase specific activity was fourfold
higher than it was in the absence of the inducer or in the
control strain Y1089/lgt11 (data not shown). These findings
suggest that the isolated S. solfataricus DNA insert in phage
TABLE 1. Substrate specificities of recombinant and native CpsAa
Rate of hydrolysis (%)b with:
Substrate

CbzArg
CbzAsp
CbzGlyGlyPhe
CbzPhe
CbzAla

Recombinant CpsA

Native CpsA

100
60
196
11
3

100
53
237
25
1

a
Rates of hydrolysis were determined with the indicated benzyloxycarbonyl
(Cbz) substrates as indicated in Materials and Methods. The equivalent of 100 ng
of pure enzyme was used in each test.
b
All values are percentages expressed relative to the rate of hydrolysis of
CbzArg (100%) for each protein.
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FIG. 3. Expression of S. solfataricus carboxypeptidase in E. coli. (A) Immunoblot analysis of E. coli BL21(DE3)[pLysE] transformed with plasmid pT7-7 (lane 1)
or plasmid pT7-7/CpsA (lane 2). Lane 3, purified S. solfataricus carboxypeptidase (250 ng). (B) Specific (bars) and residual (squares) activities of carboxypeptidase after
different heat treatments of a BL21(DE3)[pLysE, pT7-7/CpsA] crude extract in 50 mM Tris-HCl (pH 7.4)–5 mM 2-mercaptoethanol.
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FIG. 4. Multiple alignment of carboxypeptidase from S. solfataricus (CpsA),
mammalian carboxypeptidases A (CPA) and B (CPB), and carboxypeptidase
from T. vulgaris (CPT). Proteins were aligned by using the Gibbs algorithm as
implemented in MACAW with the BLOSUM62 substitution matrix. (A) Scheme
highlighting the positions of the homology blocks within each protein. (B)
Close-up view of homology blocks. Residues involved in zinc chelation are shown
in boldface. Residues implicated in catalysis and conserved in CpsA are italicized. Secondary-structure assignments (2ary Str) from the published three-dimensional structure of carboxypeptidase A are shown (a, a helix; b, b-strand; t,
turn).

ancy might be due to mistakes in the amino acid sequence
determination, to strain variation, or to the presence of different carboxypeptidase isoforms. We propose to call this gene
cpsA.
As reported for other S. solfataricus protein-encoding genes
(4–6, 19–21, 24), the codon usage of the cpsA gene shows a
strong preference towards A and T, reflecting the low G1C
content of the DNA from this organism. The overall A1T
content of the cpsA gene is 60%, rising to 66% when only the
third position is considered, with Trp and Met excluded. Only
AGG and AGA codons, which are very rare in E. coli but
common in eukaryotes, are used for arginine, in agreement
with data previously reported (4–6).
No putative terminator signal matching the consensus (TTT
TTYY) proposed by Reiter et al. (22) was found downstream
of the termination codon.
Expression of S. solfataricus carboxypeptidase in E. coli. E.
coli carboxypeptidase expression plasmids were constructed as
described in Materials and Methods and transformed into
strain BL21(DE3)[pLysE]. Carboxypeptidase activity was as-
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lCP14 encodes a carboxypeptidase. After removal of the
phage arms by KpnI-SacI digestion, the lCP14 KpnI-SacI fragment was subcloned in pGEM-3Z, generating plasmid pGEM3Z/lCP14. The lCP14 insert was then cleaved into three fragments that were subcloned in pGEM-3Z, generating plasmid
pGEM-3Z/CP14A, pGEM-3Z/CP14B, and pGEM-3Z/CP14C.
The complete sequence of the CP14A fragment was determined with synthetic oligonucleotides as primers. Within fragment CP14A, an 1,179-bp open reading frame encoding a
protein of 393 amino acids was found (Fig. 2). The predicted
protein would have a molecular mass of 43,068 Da, in good
agreement with the enzyme molecular mass assessed by SDSPAGE (42 kDa per subunit). One ATG codon (in boldface in
Fig. 2) at position 10 was in frame with lgt11 lacZ. The amino
acid sequence encoded between nucleotides 10 and 102 (underlined in Fig. 2) matched the experimentally determined
N-terminal amino acid sequence of pure S. solfataricus carboxypeptidase, with four exceptions (shown in italics in Fig. 2).
This finding indicates that translation starts at position 10 and
confirms the identity of the cloned gene. The observed discrep-
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for peptide bond hydrolysis. The experiments showed that the
phenolic hydoxyl of Tyr-248 was not essential for catalysis,
although it was participating in substrate binding, since the
mutated enzyme had the same kcat as the wild-type enzyme had
but a higher Km for some, but not all, substrates (11). Tyr-163
and Thr-180 are found aligned with Arg-127 and Asn-144 and
might functionally replace these residues. Site-directed mutagenesis and structural studies are under way in order to
define the roles of the above-mentioned residues in the CpsA
catalytic mechanism and to clarify the molecular basis of the
unusually broad substrate specificity and chemio- and thermostability of this interesting enzyme.
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sayed in E. coli BL21(DE3)[pLysE] transformed with plasmid
pT7-7/CP14A, encoding carboxypeptidase, and the control
plasmid pT7-7. A 42-kDa protein was specifically detected
by anticarboxypeptidase immunopurified antibodies (Fig. 3A)
in BL21(DE3)[pLysE, pT7-7/CP14A] and not in BL21(DE3)
[pLysE, pT7-7]. Accordingly, carboxypeptidase activity was detected in BL21(DE3)[pLysE, pT7-7/CP14A] but not in BL21
(DE3)[pLysE, pT7-7]. Assuming that the specific activity of the
expressed enzyme is the same as that of the carboxypeptidase
from S. solfataricus, we calculated that under these conditions
active carboxypeptidase accumulated to about 0.3% of total E.
coli proteins.
In order to better characterize the activity of the recombinant protein, thermal stability and substrate specificity were
tested. Under the assay conditions used, no activity was detectable in crude extracts of the control strain BL21(DE3)[pLysE,
pT7-7] (data not shown). Figure 3B shows that after 3 min at
70 and 808C, 100 and 80%, respectively, of the initial activity
was retained, with over a 10-fold increase in specific activity.
The Sulfolobus-produced enzyme has been shown to have a
similar thermal stability (reference 30 and data not shown).
E. coli-expressed CpsA showed a broad substrate specificity,
as shown by using an enzyme which was partially purified (70%
purity) according to a modification (29a) of a published procedure (3). A substrate specificity comparable to that of the
purified S. solfataricus enzyme was displayed, as demonstrated
by the release of basic, aromatic, and acid amino acids from
benzyloxycarbonyl-amino acids (Table 1 and reference 3).
Sequence homology. Comparison of the amino acid sequence of the S. solfataricus carboxypeptidase with those of
proteins in the SwissProt data bank did not show significant
similarities to carboxypeptidases. Global alignment programs
like FASTA often lack the sensitivity necessary to detect lowlevel, local homologies. We thus used a recently described
algorithm to test for local homologies between the protein
encoded by the cloned S. solfataricus gene and other carboxypeptidases, namely, mammalian carboxypeptidases A and
B and T. vulgaris carboxypeptidase T. This analysis identified
seven major homology blocks, which are schematically shown
as white boxes in Fig. 4A.
Biochemical and genetic analyses have identified several key
residues in metallocarboxypeptidases (see reference 2 for a
comprehensive review). In bovine carboxypeptidase A, His-69,
Glu-72, and His-196 are involved in zinc chelation. Figure 4B
shows that two histidines (His-104 and His-245) are aligned to
His-69 and His-196, respectively, of the bovine enzyme. No
equivalent of Glu-72 is found; however, Asp-109 might be a
viable substitute. Residues involved in catalysis in carboxypeptidase A include Arg-127, Asn-144, Arg-145, Tyr-248, and Glu270. Homologous residues for the last three have been identified at positions 181, 302, and 373, respectively.
The absence of Arg and Asn at positions 127 and 144 (carboxypeptidase A numbering) is intriguing. Both Arg-127 and
Asn-144 have been proposed to act as hydrogen bond donors;
the former would act in stabilizing the oxyanion in the transition state, and the latter would cooperate with Arg-145 and
Tyr-248 in hydrogen bonding the C-terminal carboxylate of the
substrate. Arg-127 has also been proposed to act as the nonmetal location of the intact carbonyl just prior to catalysis
(reviewed in reference 2). Despite the wealth of structural
information available on carboxypeptidase A, few mutagenesis
experiments have been designed to directly probe the roles of
residues thought to be involved in catalysis and binding. The
first of these experiments addressed the role of Tyr-248, which,
on the basis of structural and chemical modification experiments, was suggested to be the general acid catalyst required
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