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Dipeptidyl carboxypeptidase is a C-terminal exopeptidase ofEscherichia coli. We have isolated the respective
gene, dep, from a low-copy-number plasmid library by its ability to complement a dcp mutation preventing the
utilization of the unique substrate N-benzoyl-L-glycyl-L-histidyl-L-leucine. Sequence analysis of a 2.9-kb DNA
fragment revealed an open reading frame of 2,043 nucleotides which was assigned to the dcp gene by N-terminal
amino acid sequencing and electrophoretic molecular mass determination of the purified dep product.
Transcript mapping by primer extension and Si protection experiments verified the physiological significance
of potential initiation and termination signals for dcp transcription and allowed the identification of a single
species of monocistronic dcp mRNA. The codon usage pattern and the effects of elevated gene copy number
indicated a relatively low level of dcp expression. The predicted amino acid sequence of dipeptidyl carboxypep-
tidase, containing a potential zinc-binding site, is highly homologous (78.8%) to the corresponding enzyme
from Salmonella typhimurium. It also displays significant homology to the products of the S. typhimurium opdA
and the E. coli prlC genes and to some metalloproteases from rats and Saccharomyces cerevisiae. No potential
export signals could be inferred from the amino acid sequence. Dipeptidyl carboxypeptidase was enriched
80-fold from crude extracts ofE. coli and used to investigate some of its biochemical and biophysical properties.

Escherichia coli has a series of peptidolytic activities to meet
the requirement for intracellular protein breakdown. Pepti-
dases are involved not only in the utilization of peptides
supplied in the medium (52) but also in the turnover of
cytoplasmic proteins during cell growth as well as under
conditions of nutritional starvation (39). The analysis of mu-
tant strains of E. coli and of the closely related Salmonella
typhimurium led to the detection of a series of exopeptidases
with partly overlapping substrate specificities (reference 37 and
references therein). These include at least six aminopeptidases
(PepA, -B, -N, -P, iminopeptidase, and methionine aminopep-
tidase), one aminotripeptidase (PepT), three dipeptidases
(PepD, -E, and -Q), and one oligopeptidase (OpdA). Some of
them (PepA, -D, -N, -P, and OpdA) have been characterized
on the molecular level by isolation and sequencing of the
respective genes (2, 10, 22, 25, 27, 55, 64), but no significant
similarities between these genes or their products were de-
tected. In addition, a C-terminal exopeptidase, dipeptidyl
carboxypeptidase (Dcp), has been described for E. coli. It
cleaves dipeptides off the C termini of various peptides and
proteins, the smallest substrates being N-blocked tripeptides
and unblocked tetrapeptides (62, 63). Dcp from E. coli in its
catalytic properties closely resembles mammalian angiotensin
I-converting enzyme (ACE), which is involved in the regula-
tion of blood pressure (16, 53). The E. coli enzyme, therefore,
has been used in the evaluation of drugs designed to amelio-
rate human hypertensive disease.
We recently localized the dcp gene to the 34-min position

between 1,642 and 1,645 kb on the physical map of the E. coli
chromosome (4). In this communication, we report the clon-
ing, sequencing, and transcript mapping of the E. coli dcp gene.
To supplement the data of Yaron et al. (63), we also analyzed
some biochemical and biophysical properties of purified Dcp.

* Corresponding author.

Results are discussed in relation to the recently sequenced dcp
gene of S. typhimurium (24).

MATERIALS AND METHODS

Bacterial strains, phage, plasmids, and growth conditions.
E. coli K-12 strains used in this study are listed in Table 1. To
obtain strain UK191, the hisG::TnlO marker of NK5526 was
transduced to strain K93 by use of phage Plvir (51). Phages
M13mpl8 and M13mpl9 (41) and plasmid pBR322 (5) were
from Pharmacia, and phage Plvir (40) was from H. Schmieger
(University of Munich). The vector pLG339 (56) was provided
by N. G. Stoker (University of Leicester, Leicester, United
Kingdom). The use of the positive selection vector pUH84 (26)
to establish a plasmid library of the E. coli genome has been
described previously (31). To construct plasmid pUS39, the
3.7-kb SalI-EcoRI fragment of pBSIO (see Fig. 1) was ligated
with SalI and EcoRI-digested pBR322. Media used were
Luria-Bertani medium (40) and Davis minimal medium (14)
which was supplemented with synthetic peptides at final con-
centrations of 50 p.g/ml. When appropriate, antibiotics were
added to media at the following concentrations: ampicillin, 100
Vig/ml; tetracycline, 10 [1g/ml in the case of plasmid-encoded
resistance or 30 ,ug/ml in the case of TnlO-encoded resistance.

Materials. Restriction endonucleases and nucleic acid-mod-
ifying enzymes were from Boehringer Mannheim, United
States Biochemical, New England Biolabs, or Pharmacia and
were used according to the instructions of the suppliers.
N-Acetyl-L-alanyl-L-alanyl-L-alanine (Ac-Ala3), N-benzoyl-L-
glycyl-L-histidyl-L-leucine (Hip-His-Leu), and p-nitroben-
zyloxycarbonyl- L - glycyl- (S -4 - nitrobenzo - 2 -oxa - 1,3 -diazole) -
L-cysteinyl-L-glycine [p-N02-Z-Gly-(S-NBD)-Cys-Gly] were
obtained from Bachem. The peptidep-nitrobenzyloxycarbonyl-
L-glycyl-L-phenylalanyl-L-glycine (p-NO2-Z-Gly-Phe-Gly) was
synthesized by conventional peptide chemistry methods. Ra-
diochemicals (_x-35S-dATP, 600 or 1,240 Ci/mmol; L-[35S]me-
thionine, 1,000 Ci/mmol; 4C-protein molecular weight mark-
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TABLE 1. E. coli K-12 strains

Strain Genotype Source or reference

e23716 Wild type American Type Culture
Collection

K79 Hfr thi-J reL41 dcp-J 16
K93 Hfr thi-I reLAl dcp-2 16
UK191 K93 hisG::TnlO This work
MM294 F- endAI hsdR17 supE44 thi-1 38
ER1562 MM294 mcrAJ272::TnlO hsdR2 New England Biolabs

mcrBI
NK5526 hisG::TnlO IN(rrnD-rrnE)J N. Klecknere

a Harvard University, Cambridge, Mass.

ers, 10 to 50 p.Ci/mg of protein) were from Amersham.
L-Amino acid oxidase, RNase A, and a digoxigenin DNA
labelling and detection kit were obtained from Boehringer
Mannheim. Protease inhibitors and 2-p-iodophenyl-3-p-nitro-
phenyl-5-phenyl-tetrazolium chloride (INT) were from Sigma,
and phenazine methosulfate and ampholines were from Serva.
The purification of peptidase D from E. coli UK61(pJK13)
(30) will be published elsewhere (unpublished data).
Recombinant DNA and sequencing techniques. Preparation

and analysis of plasmid and phage DNA and transformation of
E. coli were carried out by standard procedures (48). DNA
fragments for cloning were isolated from agarose or polyacryl-
amide gels by use of an HSB-Elutor (Biometra). To sequence
the 2.9-kb KpnI fragment of plasmid pBS10 (see Fig. 1), each
of two subfragments (a 1.8-kb KpnI-AccI fragment and a 1.3-kb
HincII-KpnI fragment) was inserted into M13mpl8 and
M13mpl9 in both orientations. With single-stranded templates
and a T7 sequencing kit (Pharmacia), dideoxy sequencing (49)
of overlapping regions was primed with synthetic oligonucle-
otides, synthesized on a Gene Assembler Plus apparatus
(Pharmacia).

Detection of Dcp in native polyacrylamide gels. To prepare
cell extracts, cells from a 1-liter culture, grown in Luria-Bertani
medium to an optical density at 600 nm of about 1.3, were

harvested by centrifugation, washed with 30 mM Tris hydro-
chloride (pH 7.5), and resuspended in 4 ml of the same buffer.
After disruption of the bacteria by ultrasonication, the suspen-
sion was centrifuged at 220,000 x g for 90 min at 4°C, and the
protein concentration in the supernatant was determined by
the Coomassie blue method (54). About 50 to 200 p.g of total
protein was applied to prerun 6% polyacrylamide rod gels (15)
and electrophoresed at 3 mA per tube and 4°C. To visualize
Dcp activity, a coupled assay including purified peptidase D
(24) was used. The gels were removed from the glass tubes
after electrophoresis and embedded in 3 ml of molten 1% agar
(45°C), containing 25 mM Tris hydrochloride (pH 8.0), 5 mM
CoCl2, 2.5 mg of Hip-His-Leu, 0.2 p.g of purified E. coli
peptidase D, 0.17 U of L-amino acid oxidase, 0.75 mg of INT,
and 0.15 mg of phenazine methosulfate. During the following
incubation at 37°C, Hip-His-Leu was specifically cleaved by the
action of Dcp to give N-benzoyl-L-glycine (hippuric acid) and
L-histidyl-L-leucine, which in turn was hydrolyzed by peptidase
D. Oxidative desamination of the liberated amino acids by
L-amino acid oxidase, according to the method of Sugiura et al.
(58), finally resulted in the formation of red formazan at the
sites of Dcp activity.

In vitro expression of dcp. Plasmid pBS15 DNA (see Fig. 1)
was highly purified by two successive CsCl density gradient
centrifugations, and 2.5 p.g was used as template to direct
protein synthesis in a coupled transcription-translation system
derived from E. coli (Amersham). Of the resulting samples,

aliquots (1/7 volume) were analyzed on discontinuous sodium
dodecyl sulfate-12% polyacrylamide gels (34).

Construction and screening of a low-copy-number library.
Chromosomal DNA of E. coli wild type, prepared by the
method of Wilson (61), was partially digested with Sau3A, and
fragments were fractionated by centrifugation through a 10 to
40% sucrose gradient (rotor SW27, 26,000 rpm, 20°C, 24 h).
Fragments in the size range of 5 to 20 kb were ligated with the
BamHI-linearized and dephosphorylated low-copy-number
vector pLG339. To screen for hybrid plasmids containing the
dcp gene, the dcp hisG::TnlO strain UK191 was transformed
with the ligation mixture by electroporation (18). About 9,000
of the clones obtained on Luria-Bertani plates supplemented
with kanamycin (selection for pLG339) and tetracycline (se-
lection for hisG::TnlO) were pooled, washed with 0.9% NaCl,
and plated on minimal agar containing Hip-His-Leu as sole
histine source.

Isolation of RNA. Total RNA from E. coli was prepared by
the hot-phenol-extraction method (1) as modified by Geren-
dasy and Ito (23). RNA was stored in the presence of 75%
ethanol and quantified as described previously (25). Aliquots
were checked on 1% agarose gels before use.

Primer extension analysis. To identify the 5' end of dcp-
specific transcripts by primer extension, we used two synthetic
oligonucleotides (primer 1, 37-mer; primer 2, 26-mer; see Fig.
3) in parallel reactions. Annealing was done in volumes of 10
,ul of H20, containing 30 ,ug of RNA and 20 pmol of primer,
by heating at 90°C for 2 min and subsequent cooling to 30°C
within 30 min. To obtain labelled extension products, anneal-
ing reaction mixtures were combined with 22.5 U of avian
myeloblastosis virus reverse transcriptase (United States Bio-
chemical) in 20-pl reaction volumes, containing 50 mM Tris
hydrochloride (pH 8.3), 8 mM MgCl2, 50 mM NaCl, 1 mM
dithiothreitol, 0.15 puM (each) dCTP, dGTP, and dTTP, and
15.1 pmol (18.75 p.Ci) of ct-35S-dATP. After a 7-min incubation
at 42°C, labelled cDNA was extended by addition of 18 pu1 of 50
mM NaCl containing 0.4 mM (each) all four deoxyribonucleo-
side triphosphates and further incubation at 42°C for 60 min.
To stop the reactions, 3.3 p.1 of 0.2 M EDTA (pH 8.0)
containing 3 ng of RNase A (DNase-free) per ,ul was added
and followed by incubation at 37°C for 30 min. The samples
were mixed with 160 p.l of 2.5 M ammoniuxm acetate (pH 7.0)
and S p.g of carrier Saccharomyces cerevisiae tRNA, extracted
with 200 pl of phenol-CHCl3-isoamyl alcohol (25:24:1), pre-
cipitated with ethanol, and dissolved in 9 p.l of formamide dye
(48). Aliquots (1 to 3 p.l), after being heated at 95°C for 3 min,
were applied to 6% polyacrylamide-urea sequencing gels.

Si nuclease mapping. Two uniformly labelled single-
stranded probes (nucleotides 499 to 773 and 2507 to 2862; see
Fig. 3), overlapping the putative 5' and 3' endpoints of dcp
transcription, were synthesized by a modification of the exten-
sion procedure of Burke (8). Single-stranded M13mpl8 DNA,
carrying the 1,845-bp KpnI-AccI fragment of pBS10 inserted
into the respective restriction sites of the polylinker region, was
annealed with primer 1 (see Fig. 3), and single-stranded
M13mpl9 DNA, carrying the 1,295-bp HincII-KpnI fragment
of pBS10, was annealed with primer 3. Annealing reaction
mixtures containing 0.5 pmol of template DNA, 5 pmol of
primer, 15 mM Tris hydrochloride (pH 7.5), 15 mM MgCl2, 75
mM NaCl, and 1.5 mM dithiothreitol in a total volume of 20 pl
were heated at 85°C for 5 min and then slowly cooled to 37°C
within 30 min. After addition of 2 p.l of 100 mM dithiothreitol,
50 pmol (62.5 p.Ci) of ct-35S-dATP, and 1 p.1 of a mixture of
dCTP-dGTP-dTTP (each at 20 mM), primers were extended
with S U of DNA polymerase (Klenow fragment) for 30 min at
room temperature in total volumes of 30 p.l. The reaction
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mixtures were supplemented with 1 ,ul of 20 mM dATP and
chased for a further 20 min at room temperature. Double-
stranded DNA regions were subsequently digested with restric-
tion enzymes cleaving at appropriate distances upstream of the
respective primer hybridization sites (NsiI in the case of the
5'-end-specific probe, PstI in the case of the 3'-end-specific
probe; see Fig. 3). The samples were applied to 6% polyacryl-
amide-urea sequencing gels from which the single-stranded
probes were isolated by standard methods. This procedure
yielded about 107 cpm of labelled probe. The ends of dep
mRNA were mapped by SI nuclease protection analysis essen-
tially as described previously (25). The probes (5 x 105 cpm)
each were hybridized with total RNA (130 p.g) for 15 h at 30°C
and then digested with 140 U of S1 nuclease for 50 min at 37°C.
After the final precipitation step, samples were dissolved in 9
R1 of formamide dye, and portions (2 to 3 RI) were electro-
phoresed in 6% polyacrylamide-urea sequencing gels. North-
ern (RNA) blot analysis of RNA was performed as described
elsewhere (25).
Assay of Dcp activity. Hydrolysis of the substrates p-NO2-

Z-Gly-Phe-Gly and p-NO2-Z-Gly-(S-NBD)-Cys-Gly by Dcp
was monitored essentially as described by Persson and cowork-
ers (43, 44). Dcp was routinely assayed with Hip-His-Leu as a
substrate by a modification of the method described by Cush-
man and Cheung (12). The respective samples (10 to 100 Rl)
were incubated in the presence of 1 mM Hip-His-Leu and 30
mM Tris hydrochloride (pH 7.5) for 30 min at 37°C in total
volumes of 200 RlI. To stop the reaction, 100 pl of I N HCl was
added, and hippuric acid, liberated by the action of Dcp, was
extracted from the aqueous phase with 600 pLI of ethyl acetate.
After evaporation of the solvent at 120°C, remaining material
was dissolved in 400 pl1 of H20. The concentration of hippuric
acid was determined by measuring the A228 of the solution.

Purification of Dcp. Strain UK191(pUS39) was used to
prepare cell extract by the same procedure as that applied for
the analysis of Dcp in native gels (see above). Extract from 42
g (wet weight) of cells was fractionated on an anion-exchange
column (Q-Sepharose Fast Flow, Pharmacia) with a linear
gradient from 0 to 1 M NaCl in 30 mM Tris hydrochloride (pH
7.5) at 4°C and a flow rate of 120 ml/h. The most active
fractions were pooled and again applied to a Q-Sepharose
column which then was eluted with a 0 to 0.4 M NaCl gradient.
Active fractions were concentrated by ultrafiltration and fur-
ther purified by gel permeation through Fraktogel TSK HW-
55(s) (Merck) at 4°C and a flow rate of 60 ml/h. As deduced
from the elution profiles of various marker proteins, Dcp
eluted from this column with an apparent molecular mass of 80
kDa. A pool of the active fractions was subjected to prepara-
tive isoelectric focusing in an LKB type 8100-1 column for 47
h exactly as recommended by the supplier. The pH gradient,
generated by use of ampholines (Serva) in the pH range of 4 to
6, was stabilized by a 5 to 50% sucrose density gradient. The
pH of the most active fraction was 5.2. Proteins contained in
this fraction were separated on a sodium dodecyl sulfate-8%
polyacrylamide gel and subsequently blotted to a glass fiber
membrane (Glassybond, Biometra) by the method of Eckers-
korn et al. (19). As estimated after Coomassie blue staining of
the membrane, Dcp constituted about 20% of the total protein
in the final preparation. The Dcp band was excised from the
membrane and forwarded to Beckman Inc. (Munich, Ger-
many) for commercial sequencing of the amino terminus.
Computer analysis. Nucleotide and amino acid sequence

data were processed by use of the Microgenie (Beckman),
Husar (Geniusnet), and PC/Gene (Intelligenetics) programs.

Nucleotide sequence accession number. The GenBank ac-
cession number assigned to the nucleotide sequence reported
in this paper is X57947.

RESULTS

Phenotypic detection of dcp. E. coli dcp mutants K79 and
K93 were previously characterized by their failure to cleave
Ac-Ala3 (16). As the use of this substrate as sole nitrogen
source results in poor cell growth, we chose another N-blocked
tripeptide, Hip-His-Leu, for the detection of Dcp activity. The
unique specificity of Dcp for Hip-His-Leu was demonstrated
by two pieces of evidence. (i) Derivatives of dcp mutants,
carrying a hisG::Tn]O insertion, were not able to utilize
Hip-His-Leu as the sole histidine source. (ii) Cell extracts of E.
coli K-12 wild type, after electrophoretic separation in native
polyacrylamide gels and activity staining by use of a coupled
PepD-L-amino acid oxidase test, yielded a single band of
Hip-His-Leu cleaving activity. This band was absent from the
protein pattern of dcp mutants.

Identification of the dcp gene in a plasmid library. Initially,
a gene bank of the E. coli chromosome, constructed in the
high-copy-number positive selection vector pUH84, was
screened, but no recombinant plasmids conferring the ability
to utilize Hip-His-Leu on a dcp hisG::TnJO mutant were
detected. Subsequent screening of a low-copy-number plasmid
library, constructed with the vector pLG339, allowed the
isolation of two plasmids (pBSIO and pBS20) that comple-
mented the dcp mutation and contained inserts of 5 and 13 kb,
respectively. Some common restriction fragments were present
in both inserts, indicating that the same genetic locus (dcp) had
been cloned in both plasmids. From restriction and deletion
analysis of plasmid pBS10, the dcp-complementing activity
could be localized to the 2.6-kb BglI-KpnI fragment (Fig. 1). In
a coupled in vitro transcription-translation system, the recom-
binant plasmid pBS15 directed the synthesis of a 78-kDa
product in addition to the proteins encoded by the vector
pLG339 (Fig. 2).

Nucleotide sequence analysis of the dcp gene. The nucle-
otide sequence of both strands of a 2,899-bp KpnI fragment
(Fig. 1) was determined. Analysis of the sequence revealed a
complete open reading frame extending from an ATG codon
at nucleotide 677 to a TAA stop codon at position 2720, which
is sufficient to encode a protein of 681 amino acids (Fig. 3).
The deduced molecular mass (77.5 kDa) of this protein agreed
well with the 80- and 78-kDa values determined by gel
filtration (see Materials and Methods) and sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (Fig. 2), respec-
tively. However, there is a second ATG codon, located only 6
bp downstream from the first one, which was also a likely
candidate for the initiation of dcp translation. To resolve this
ambiguity, the sequence of the first nine amino acid residues of
the purified dcp gene product was determined. It was in
complete agreement with the amino acid sequence obtained by
translation initiation at the first ATG codon of the open
reading frame, with the exception that the N-terminal methi-
onine was absent from the mature protein. As in other E. coli
genes (57), a putative ribosome binding site was present 5 bp
upstream of the ATG start codon. It has complementarity with
6 of 8 nucleotides of the 3'-OH terminus of E. coli 16S rRNA
(50).

Transcription of the dcp gene. In a Northern blot experiment
(not shown) with RNA from strain MM294(pBS15), both a
PvuII fragment, corresponding to nucleotides 1255 to 2788,
and an NsiI-EcoRV fragment (nucleotides 501 to 993) (Fig. 1
and 3) hybridized to a single species of dcp-specific transcript
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EcoRV
EcoRV
PvuII

HincIl
AccI

I

PstI
EcoRV
PvuII

0 NsiI
IKpnI

dcp

EcoRV
HindIII
-EcoRI
11 I

Dcp activity
pBS10 +

tet'

pBS11
pBS12 +

m pBS13 (+)

0 pBS14 -

I pBS15 +

0 pBS16 -

0 pBS17 -

pBS18 -
FIG. 1. Restriction and deletion analysis of the recombinant plasmid pBS1O. Plasmid sections encompassing the regions of inserted

chromosomal DNA are shown. The 5-kb insert of pBSIO (open box) is flanked by fragments of the tetracycline resistance gene (tet'). The extension
and orientation of the dep coding region are given by the solid arrow. Some pertinent restriction sites are shown. Arrowheads point to the ends
of the 2.9-kb KpnI fragment that has been sequenced (Fig. 3). Shaded bars below the map of pBSIO represent sequences retained in the deletion
products pBS 1I to pBS18. Dcp activities, as indicated to the right, reflect the ability of transformants of strain UK191 harboring the respective
plasmids to grow on agar plates containing Hip-His-Leu as the sole source of histidine. (Colonies were visible after 2 days of incubation at 37°C
in the case of pBSIO, pBS12, and pBS15 and after 3.5 days in the case of pBS13.)

100
97-
69-

50-
46-

30-

1 2 3

-DcP

-TET

I-KAN

FIG. 2. Electrophoretic identification of in vitro-synthesized dcp
product. 35S-labelled proteins, encoded by plasmid pBS15, were syn-
thesized with a prokaryotic DNA-directed translation system and
separated on a sodium dodecyl sulfate-12% polyacrylamide gel (lane
2). Proteins encoded by the vector pLG339 are the tetracycline
resistance protein (TET) and aminoglycoside phosphotransferase
(KAN) (lane 3). The sizes of protein standards are given in kilodaltons
(lane 1).

of about 2.3 kb, whereas an EcoRV-NsiI fragment (nucleotides
316 to 500) did not generate any visible signal. This indicated
that transcription is initiated downstream from the NsiI site at
position 498. The estimated length of dcp mRNA correlates
well with the presence of possible transcription initiation and
termination signals (46) in the dcp 5'- and 3'-flanking regions.
The ATG initiation codon is preceded by potential sigma7"
promoter elements at distances of 29 (-10 region) and 52
(-35 region) nucleotides, respectively. The spacing between
these elements is 17 nucleotides. Downstream of the TAA stop
codon, at a distance of only 5 nucleotides, a G+ C-rich
sequence with the potential to form a stem-loop structure (AG
= -36.4 kcal/mol) can be identified (see Fig. SB). This
structure, however, lacks the run of consecutive T residues,
typical of rho-independent transcription terminators (46). To
verify the physiological significance of these potential tran-
scription signals, we performed primer extension and S1
nuclease protection experiments. Extension products which
were synthesized after annealing of dep mRNA with an
oligonucleotide, complementary to nucleotides 809 to 834
(primer 2, Fig. 3), were terminated at position 653 or 655 (Fig.
4A). A different primer (primer 1, Fig. 3), synthesized to
confirm this result, was extended to exactly the same positions
(not shown). For high-resolution Si nuclease mapping of the 5'

and 3' ends of dcp transcripts, we used single-stranded probes,
generated by the extension of primer 1 (5' end) and primer 3
(3' end), respectively. RNA transcribed from the dcp gene was
found to protect 119 ± 3 nucleotides of the 5'-end-specific
probe and 262 ± 3 nucleotides of the 3'-end-specific probe
from SI nuclease digestion. Thus, SI mapping localized the

'V
Acc]

BglI
BglI

Accl
HinclI
Sall
SphI

tet'

KpnI
BglI
EcoRV

NsiI
11

I ... - 1111 IA-9

------------------
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5,
CCACCAGACCCGGTTCGATGTCGGTGACGCGCACCGCCGTACCATGCAGATCCGTACGCAGATTCAGGCTAAACTGACGA 80

ACAAACGCTTTCGTCGCACCGTAAACGTTACCACCGGCATACGGCCAGCTACCTGCCGTTGAGCCAATGTTAATAATATG 160

ACCATGATTACGTTCAACCATACCCGGTAAGACGGCGCGCGTCATATATACCAGGCCTTTGTTGTTGGTATCAATCATCG 240

EcoRV
TTTCCCAGTCTTCAACGCTGGCTTTATGCGCAGGCTCCATGCCCAACGCCAGGCCGGCATTATTTACCAGGATATCAATA 320

TTGCACCACTCGGCAGGAAGCGATGCCAGCATCTCTTCAATAGCGGCGCGTTGCGAACGTCCAGTTGGGCGATATACAGA 400

TTATCTCCCAGTTCGTCTTTTAACTCCTGCAACCGTTCCTGGCGACGGCCAGTGGCGATAACTTTATGCCCTTGTTGAAT 480

NsiIAAAACGACGAGTAATGCATTCACCAAAACCTGCCGTTGCTCCAGTTACTAAAACGATCATCTCACTGTTCCTCAACGCTT 560
-35

TTGTGTGTCAATAACATAGCACGGGATGCTTAAGAGCGGGTAATACTGGATTGCAGATTGCACTCCGTTATCAGTAAGC 640

-10 ENA-start SD
CTACGCTATGGAACACCTCGCGTTCAGGAGAAGAAAATGACAACAATGAATCCTTTCCTTGTGCAAAGCACACTGCCGTA 720

* * M T T M N P F L V Q S T L P Y 15

TCTGGCTCCCCATTTTrATCAAATTGCCAATCATCACTATCGCCCGGCATTCGATGAGGGAATGCAGCAAAAGCGGGCAG 800

L A P H F D Q I A N H H Y R P A F D E G M Q Q K R A 41

AAATTGCTECCATCGCGCTTAACCCGCAAATGCCTGATTTCAACAATACTATTCTGGCACTGGAACAAAGCGGAGAATTA 880

E I A A I A L N P Q M P D F N N T I L A L E Q S G E L 68

CTTACCCGCGTTACCAGCGTCTTTTTTGCGATGACTGCGGCGCATACCAATGATGAATTACAGCGTCTTGACGAGCAGTT 960

L T R V T S V F F A M T A A H T N D E L Q R L D E Q F 95

EcoRV
TTCCGCTGAACTGGCGGAACTGGCTAATGATATCTATCTGAACGGTGAATTATTCGCGCGGGTAGATGCTGTCTGGCAGC 1040

S A E L A E L A N D I Y L N G E L F A R V D A V W Q 121

GCCGTGAATCCCTGGGGCTTGATAGTGAATCCATCCGCCTGGTGGAGGTGTTACTACAACGTTTTGTCCTTGCCGGAGCC 1120

R R E S L G L D S E S I R L V E V L L Q R F V L A G A 148

AAACTTGCGCAAGCTGATAAAGCAAAATTAAAAGTACTGAATACAGAAGCTGCGACCCTGACCAGCCAGTTTAACCAGCG 1200

K L A Q A D K A K L K V L N T E A A T L T S Q F N Q R 175

PvuII
ATTACTGGCAGCAAATAAATCCGGCGGTCTGGTTGTGAACGATATCGCGCAGCTGGCAGGAATGAGTGAGCAAGAGATTG 1280

L L A A N K S G G L V V N D I A Q L A G M S E Q E I 201

CGCTGGCGGCAGAGGCGGCTCGCGAGAAAGGTCTGGATAACAAATGGCTGATTCCGCTGCTGAATACCACCCAACAACCG 1360

A L A A E A A R E K G L D N K W L I P L L N T T Q Q P 228

GCGCTTGCCGAAATGCGCGATCGTGCGACGCGTGAAAAACTGTTTATTGCGGGCTGGACGCGAGCGGAAAAAAATGATGC 1440
A L A E N R D R A T R E K L F I A G W T R A E K N D A 255

CAATGATACCCGCGCTATCATTCAACGTCTGGTGGAGATCCGTGCACAACAGGCAACACTACTTGGTTTTCCTCATTATG 1520

N D T R A I I Q R L V E I R A Q Q A T L L G F P H Y 281

CCGCATGGAAAATCGCCGATCAGATGGCAAAAACACCTGAAGCAGCACTTAACTTTATGCGGGAAATTGTTCCAGCGGCG 1600

A A W K I A D Q M A K T P E A A L N F M R E I V P A A 308

CGTCAACGTGCGAGCGATGAATTAGCCTCCATACAGGCGGTTATCGATAAGCAGCAGGGCGGGTTTAGCGCGCAGCCGTG 1680
R Q R A S D E L A S I Q A V I D K Q Q G G F S A Q P W 335

GGACTGGGCATTTTATGCGGAACAGGTACGGCGGGAGAAATTTGATCTTGATGAGGCGCAGCTCAAGCCATATTTTGAAT 1760
D W A F Y A E Q V R R E K F D L D E A Q L K P Y F E 361

TAAACACGGTGTTAAATGAAGGTGTATTCTGGACCGCGAATCAGCTCTTCGGTATTAAGTTTGTCGAACGTTTTGATATT 1840
L N T V L N E G V F W T A N Q L F G I K F V E R F D I 388

CCTGTCTACCATCCTGACGTTCGTGTGTGGGAAATTTTTGATCATAATGGCGTGGGGCTGGCGTTATTTTACGGTGATTT 1920
P V Y H P D V R V W E I F D H N G V G L A L F Y G D F 415

FIG. 3. Nucleotide sequence of the noncoding strand of the dep gene and of its flanking regions. Numbering starts at the last residue of the
left KpnI recognition site shown in Fig. 1. Start points and endpoints (mRNA-start, mRNA-end) of dep mRNA, as detected by primer extension
and SI nuclease analysis, are marked by asterisks. Potential -35 and -10 regions, a possible Shine-Dalgarno sequence (SD), and an inverted
repeat (IR) capable of forming a stem-loop structure are underlined. Sequences complementary to synthetic oligonucleotides (primer 1, primer
2, and primer 3) which were used in transcript mapping are also underlined. The positions of some relevant restriction sites are indicated. The
deduced amino acid sequence of Dcp is given below the nucleotide sequence. The sequence of the underlined residues at the amino terminus was
confirmed by partial sequencing of purified Dcp. A potential zinc-binding site (positions 470 to 474) (29) within the active center of the enzyme
is underlined. It contains two zinc-binding histidine residues (marked by asterisks) and a catalytically active glutamic acid residue (in boldface).
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CTTCGCCCGTGATTCAAAAAGCGGCGGTGCATGGATGGGCAATTTTGTTGAGCAATCAACGCTTAATAAAACACATCCGG 2000
F A R D S K S G G A W M G N F V E Q S T L N K T H P 441

TAATTTATAACGTCTGCAATTATCAGAAACCCGCTGCCGGTGAGCCTGCGTTGTTACTCTGGGATGATGTCATAACCTTA 2080
V I Y N V C N Y Q K P A A G E P A L L L W D D V I T L 468

Zn binding motif
TTCCATGAATTTGGTCATACGCTGCACGGCCTTTTTGCCCGCCAGCGTTATGCCACGCTTTCCGGCACCAACACGCCGCG 2160
F H E F G H T L H G L F A R Q R Y A T L S G T N T P R 495

TGATTTTGTCGAATTTCCGTCGCAAATCAACGAACACTGGGCAACGCATCCGCAGGTATTCGCTCGCTACGCCCGGCATT 2240
D F V E F P S Q I N E H W A T H P Q V F A R Y A R H 521

ATCAGAGCGGGGCAGCAATGCCTGACGAACTGCAACAGAAAATGCGTAATGCCAGCCTGTTCAACAAAGGGTATGAGATG 2320
Y Q S G A A M P D E L Q Q K M R N A S L F N K G Y E M 548

AGCGAACTGCTTAGCGCCGCACTTCTCGATATGCGCTGGCATTGCCTGGAAGAAAACGAAGCAATGCAGGATGTCGATGA 2400
S E L L S A A L L D M R W H C L E E N E A M Q D V D D 575

TTTTGAATTGCGGGCGCTGGTGGCGGAAAATATGGATCTTCCTGCTATACCGCCACGCTATCGCAGCAGTTATTTCGCCC 2480
F E L R A L V A E N M D L P A I P P R Y R S S Y F A 601

PstI
ATATTTTTGGTGGCGGATATGCTGCAGGTTATTACGCTTATCTGTGGACGCAAATGTTGGCCGATGATGGTTATCAGTGG 2560
H I F G G G Y A A G Y Y A Y L W T Q M L A D D G Y Q W 628

TTTGTTGAGCAGGGCGGATTAACGCGTGAAAATGGGCTGCGTTTTCGCGAGGCGATCCTTTCCAGAGGTAACAGCGAAGA 2640
F V E Q G G L T R E N G L R F R E A I L S R G N S E D 655

TCTGGAACGCCTGTATCGACAATGGCGCGGTAAGGCACCTAAGATTATGCCGATGCTGCAACATCGTGGCTTGAACATAT 2720
L E R L Y R Q W R G K A P K I M P M L Q H R G L N I 681

IR mRNA-end PvuII
AAACACCACCAATGGCTGGCCTGAGATATCGCCAGGCCAGCCTGGTTATAGCAGTAATTGCAGCAGCTGGGCGAGGGCAA 2800
U

Erimer 3
ACCTCACCGCTAAAGCTAATACCGTTT GCAGTCGCCAGCAAAATGCATAACCGCAGTGTAGTTCTGGCCTTTAATATGC

31
CACGCAAACCAGACGGTAC

FIG. 3-Continued.

2880

2899

initiation site of dep transcription to position 655 (Fig. 4B),
which is in excellent agreement with the results from primer
extension. The 3' endpoint of dcp RNA could be assigned to
position 2768 (Fig. 5A), which, in accordance with typical E.
coli terminators (46), follows the center of the dyad symmetry
of the predicted stem-loop structure (Fig. 5B) at a distance of
22 nucleotides. Since primer extension and S1 mapping exper-
iments with RNA from strain ER1562 carrying only the
unmodified vector pLG339 produced the same (although
weaker) signals as experiments with RNA from strains harbor-
ing the dcp plasmids pBS10, pBS12, or pBS15 (Fig. 4 and 5A),
artifacts, which occasionally occur with elevated gene copy
numbers, can be excluded. It therefore appears that the dcp
coding region represents an individual transcription unit which
is not associated with other genes in an operon.
Codon usage. To estimate the efficiency of dep translation,

we calculated the frequencies of rare and optimal codon usage.
A set of eight rare codons were reported to occur at an average
of 4% in the reading frames of 25 nonregulatory E. coli genes
(33). In the dcp coding frame, these rare codons, however,
make up 9.5% of the total triplets. Optimal codons, as defined
by the codon preference list of Ikemura (28), on the other
hand, occur in the dcp gene at a frequency of 0.57. Frequencies
of optimal codon usage in the range of 0.5 to 0.6 seem to be
typical of proteins which are present in less than 100 copies per
cell (28).
Amino acid sequence analysis of Dcp. The deduced primary

sequence of Dcp shows a preponderance of leucine and
alanine, which often occur in stretches of two to four residues
and which constitute 23.2% of the protein. However, no
matches to a consensus leucine zipper sequence, characteristic

of some DNA-binding proteins (35), could be detected. The
sequence contains a Zn2+-binding motif (His-Glu-X-X-His)
(Fig. 3) which is common to the active centers of various
thermolysin-type zinc-dependent metallopeptidases (29).

Computer-assisted comparison of Dcp with protein se-
quence data banks uncovered extensive homologies to the
recently published sequences of the S. typhimurium peptidases
Dcp (78.8% identity within 676 residues) and OpdA (31.7%
identity within 678 residues) (10, 24) and to OpdA of E. coli
(31.8% identity within 676 residues), which is the product of
the prlC gene (11). In addition, we identified two eukaryotic
proteins which, according to their normalized alignment scores
(17), also display a significant degree of similarity to Dcp of E.
coli. These are the rat metalloendopeptidase EP 24.15 (45),
previously shown to be homologous to Dcp of S. typhimurium
(24), and a hypothetical zinc metalloproteinase of S. cerevisiae
(6). In Fig. 6A, a multiple alignment of E. coli Dcp with the
amino acid sequences of these enzymes is presented. Apart
from the highly conserved potential zinc-binding site (motif 2,
Fig. 6A), the C-terminal halves of the six proteins share two
additional regions (motifs 1 and 3) of remarkably high (>40%)
identity. On the basis of sequence similarity analysis (21), we
calculated the degrees of relationship between these proteins.
The resulting dendrogram (Fig. 6B) shows that, of the six
sequences compared, the prlC and opdA products of E. coli and
S. typhimurium displayed the highest degree of amino acid
identity (94.5%).

Earlier growth and cell fractionation studies with dcp mu-
tants of E. coli suggested that about 10% of the Dcp activity is
located in the periplasmic space (16). This led us to inspect the
dcp product for the presence of typical export signals. Cleavage
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FIG. 4. Mapping of the 5' end of dcp transcripts. (A) Primer extension with primer 2 (Fig. 3) and RNA from strain ER1562 harboring plasmid
pBS12 (lane 1), pBSIO (lane 2), pBS15 (lane 3), or pLG339 (lane 4). Reference sequencing reactions (lanes A, C, G, and T) were initiated by the
same primer on a single-stranded M13 template containing the 1.8-kb KpnI-AccI fragment of pBS10. Accordingly, the sequence is the complement
of the one shown in Fig. 3. The sequence of the coding strand, encompassing the 3' ends of the major extension products (indicated by asterisks),
is shown to the left of the panel. (B) SI nuclease mapping with a single-stranded probe covering positions 499 to 773 (Fig. 3) and RNA from strain
ER1562 carrying plasmid pBS10 (lane 1), pBS15 (lane 2), or pLG339 (lane 3). Reference sequencing reactions (lanes A, C, G, and T) were

performed with the same primer and the same template as those used to synthesize the probe (see Materials and Methods). The sequence
encompassing the 3' end of the protected probe fragment (indicated by an asterisk) is given on the left.
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FIG. 5. Termination of dcp transcripts. (A) SI nuclease mapping with a single-stranded probe covering positions 2507 to 2862 (Fig. 3) and RNA

from strain ER1562 carrying plasmid pBS1O (lane 1), pBS12 (lane 2), or pLG339 (lane 3). The reference sequencing ladder (lanes A, C, G, and

T) is the same as that shown in Fig. 4B. The size of the reference band (in base pairs) corresponding to the protected probe fragment is indicated.

It was calculated from the hybridization site of primer 1, which had been used to generate the reference sequencing ladder. (B) Potential stem-loop

structure at the 3' end of dcp mRNA. Nucleotide numbering is as in Fig. 3. The stop codon for dcp translation is underlined. The position of most

frequent transcription termination, as determined by SI nuclease mapping, is indicated by an asterisk.
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Ec_OpdAAw 1 N . : 2TY VQS7i .YLA~~DQ IANHH FE MQQKAE Ec_c
ST.NPLLDQS DRR....IKDCH PA|F, VRlKR VE St_Dcp

NPL EI PA KALNDCREN Ec_OpdA
.
i.YLD...IOPPFASEA..M. I4EP4V KALADC AA St_OpdA

1 HRLLLCKNWFASPVIYSTR YSMANTTST PIAIOQAPPNWSFIPSDISGKT IINNSNNF yeast

1 K PPAACAG DVVDTVS.PCSTVNHLRWDLSAQQI LIFEdTKCV rat

43 IAAIALNP.QMPDFN ILAEQSGE 4ifVI1VVFFAMTAAHN I[lDE ORLD F(AE Ec_Dcp
42 IA P. PDF LLLEQSGAL T FFAT HItE ORLD FA L St_Dcp
37 V|ERVEG PY E LCPT L EVDDV LGFRIKNPVSN}NENS E YE LP LS TW Ec_OpdA
37V G. P ELC EADDVPLGLI NS EL E TLPLLS TW St_OpdA

65YDSMS ESPS S. FV FKFEN V INQLT SSD !I SVNSfgM LFE Ir yeast

106I DWflL..G{D-GSI[LV v
105I YSNGSL D*WAL.. GLDSLV QRF
100VGQHE 1YKAYRDLRDG A..TL|NTAQKKAVD EDF1ELS9

100VGQHE NAYRDLRDG A..TINTAQKKAV ELS
127 L4RHD LQFARFR DV KADSVE RRTFE KKESYYIis
112MSMRQDVYE.. LLQEKIPKDS[K I1lAA YLERLIKLGRR

168 IT F KSGGL QEEILAA ARRE
167L4M F KAGGL LA LSPEEMTV EAI E1K
162SLA GW,l L ELAGMPE EAQWEAX
162LG

S G*Mj ELAGMPE AQWEAK191NSI S EOE...EYITFT EE FETIKStK
174[CI EEDPD...3PFTR SLEKTEDqd

4AKXLAQADKAKIK1VLN4¶EAAT

I I=E
L ~E NRLK KI
L e D7iEK I

4QDN . I FQ4L81ERWF . L

E4L -EG.YF.|L
|E4G . Y.TI

STRL

IK KLL

LNTTOC
LNTTQC
|DIjRSj
DI|SINL

4DSNETL:YEIfIFKYIdI I

Ec_Dcp
St_Dcp
Ec_OpdA
St_OpdA
yeast
rat

aAL Ec_Dcp
LE St_Dcp

PVM Ec_OpdA
PVM St_OpdA
P yeast
BLL rat

231 AEMRDRETR EK TA NDAj. IQTRi1IQ EAIKP WE Ec_PDcp
230 ATLRDR R IL*GDHTRAEGDAN ...l.DlRiVO EAIALLG Y KW St-Dcp
224 TYTDN MYRfYTR KPfAG4DlSKVM YAFAAELG Ec_OpdA
224 TYIdDN MREYR Y RI PtA4.2SPVM IE ELLLG YAHEL St.OpdA
252 KLASS ATQAL ...... KVP. *EMALL.D ELDLLLD Y yeast

229 KE13HVP T . .LL.. EAFNCRC3EQEL AQ S T Y H rat

291 REIVP#A-QRAS IDKQQ FS PW

290 RGIVP RVL VID ...... YT .

288 LF L|K R E EL FA .... VDE PW I Y QHO.
288A RLERLKEKEL FA EE PW I Y EKEH.
3071AST EDEL LMKAEDVKKLNQGADPNYY
285 FDLRK L ILELE CQ.......ARAAI NPRMGH AL4P

Ec_Dcp
St_Dcp
Ec_OpdA
St_OpdA
yeast
rat

348 ..... K FDLEALK PY L LQ TAN F E Fi I P PDY§; V I F DEc_Dcp
347 ..... _A I TAN GI ERFIP ... VH VF I FD St_Dcp
345..... IS PYFP A VGLF D VWH RF Ec..OpdA

345 .....SIS EQPYFP A GLF VKRI I RE D.... VWH RF LYE St..OpdA

370... .NFNVfq ETT. lYE I IU SQNKS QIAVWNM yeast

343 GGGGTRrNVRI.ATIHYQ TLEEGA...A LYSVR.. rat

404 |3G .... VGLALF F R N STLN * * I PAL Ec_Dcp
403 DG. .. . VGMALF GAW N STLN * CK:P PAL St_Dcp
400 N FYLDLYAE GAWD RK S PVAY N P KPA F Ec_OpdA
400 IN....ILL FYLDLYA E GAWDC RK TLT PVAY N KPA St_OpdA

428 DDPKSPNF I NFGLSSSFMI RS P LVCN STK L yeast

401 .DAAScG4E FYLD E ACFGLQPGCLR SR|LA TP SL rat

moidfl2 moif 3

41 L I TLFHE F RYT NT.PRDFVF I QVF YARH EC.DCP
460 L ITLFHE FAVQRYTLSG NT.PRDFVEPS I S RVF YAR VD St_Dcp

460 DEVITLFHNE GHMGLNML I GVS SP DVL PS F EINHF E Ec OpdA
460 ¶IHNDEVITLFHEFGNHGLHNML ITAG S IS E|V P S F N EP F H YE St_..OpdA
4 92 F HEEGG SR Ft G PDFV P S KN IN H YK yeast

464 E SOQA FSG R ENR rat
** *

524 SRAA KR SLFYKGYEMSELSAA NNEC NEA DVDDFELR ALVAENMD
523 GEK P SL KGYD EG AA D L EEISVA0ElSVAES 1E10QQALAAEHLD
524 TG PPEL L A NYAA jIXLE RLN.FEFRPE4GIKEL||..¶LEjTAEI KKL
524TG P L L AL NY AALFILRQLEF L .A P I ..TLJFEI KKQ
556TGEK E NSLI FTLRQLHFCKDL ..NLSICDTWNQLRQDIS
527T GE E E[LI SROA LLRIVLK TQTDV ...D EEYAR......A..

Ec_Dcp
St_Dcp
Ec_OpdA
St_OpdA
yeast
rat

588IiPAI PRYfqSFS NAHIF YL QTLE L E EC-DCP
587 PP |PRYdSSA . NI F GYAAGYYA YLQT LADI RENG FR IL St_Dcp
584 VA V|SPSWGRFPH AF1S IF GYAAGYYSYLW LA|AAFSREEI F|NR IL Ec_OpdA

584 VA ESPTWGRFP AFSHIF GYAAGYYSYLW LAA S FE EIFNR S IL St_OpdA

617[gISNGGTLSEKfq .DSIl NI SD HSAGY T FAKD
N0

I yeast
579 0AVPTC.GQPLLTSLVATTLST... MAT rat

649 SR ELERYROQ K KINIPQIRRNI
648 R LE TILIYSA R I LQY RIG DR

648 SRGGS EPMEL|F¶ FRGRE 0QY|DAMY1KG
648 1RGGS EPMEL|1 FRGREFQ DAML|IEYG IKG
680 4R INDN t4F GRE S KE Q4GON
616 CTPWTCSTHASS CLAPR T. .PAS

Ec_Dcp
St_Dcp
Ec_OpdA
St-OpdA
yeast
rat

FIG. 6. Comparison of related zinc-depen-
dent metalloproteinases. (A) Multiple alignment
of the deduced amino acid sequences of E. coli
Dcp (Ec_Dcp) and OpdA (11) (Ec_OpdA), S.
typhimurium Dcp (24) (St_Dcp) and OpdA (10)
(St_OpdA), an S. cerevisiae zinc metalloprotein-
ase (6) (yeast), and rat metalloendopeptidase
EP24.15 (45) (rat). The alignment was con-

structed with the Clustal program of the Genius-
net Husar package by using a gap penalty of 10.
Residues which are identical in at least 50% of
the aligned sequences are boxed. Three regions,
displaying 42.9% (motif 1), 63.6% (motif 2), and
61.5% (motif 3) identity of the six sequences, are

indicated. The putative catalytic site (motif 2)
contains two zinc-binding residues (*) and an

essential glutamic acid residue (#). (B) Dendro-
gram deduced from a progressive sequence align-
ment by use of the Tree program of the Genius-
net Husar package. Phylogenetic relationships
were calculated according to the work of Feng
and Doolittle (21). Sequences are designated as

in Fig. 6A. The lengths of the horizontal
branches directly correlate with the frequencies
of base exchanges in the respective coding re-

gions.
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TABLE 2. Purification of Dcp from E. coli

Purification step Total protein Total activity Sp act Purification
(mg) (U)" (U/mg) (fold)

Crude extract 5,000 10.5 0.084 1.0
0-Sepharose 256 3.29 0.41 4.9

Fast Flow
Fraktogel 29 2.57 1.0 11.8
TSK HW
55(s)

Isoelectric 0.53 2.22 6.38 77.0
focusing

" One unit of Dcp liberates I p.mol of hippuric acid from Hip-His-Leu in 1 min
at 37°C.

of a signal peptide from native Dcp, however, must be ex-
cluded as the N terminus of purified Dcp corresponds to the 5'
end of the dcp gene. Moreover, the average hydropathy of Dcp
(- 0.321 [33]) is suggestive of a hydrophilic protein. The
hydropathic profile of the E. coli enzyme, which was found to
be almost identical to that of Dcp from S. typhimurium, also
did not show any extended stretches of marked hydrophobicity
to which a membrane-spanning potential (32) could be as-
signed. Additionally, no segments with the potential to form
membrane-linked helices (20) were detected. Thus, the hydro-
pathic properties of Dcp are indicative of a soluble protein
with a cytoplasmic location.

Biochemical and biophysical properties of Dcp. The initial
report on the purification of Dcp from E. coli B (63) also
determined some properties of the enzyme. To further inves-
tigate the influence of various biochemical and biophysical
parameters on the enzymatic activity, we attempted to overex
press the dcp gene by subcloning it into pBR322. As shown by
densitometric analysis of electrophoretically separated plasmid
preparations, the copy number of the resulting plasmid pUS39,
however, was considerably reduced compared with the vector
pBR322. We applied a three-step procedure to enrich Dcp
about 80-fold from a crude extract of strain UK191(pUS39)
(Table 2).

In addition to the list of known Dcp substrates (63), we
showed that the E. coli enzyme releases C-terminal dipeptides
from two p-nitro-benzoylated tripeptides which were used
previously to assay mammalian ACE. These are the fluoro-
genic substrate p-NO2-Z-Gly-Phe-Gly (43) and the chromoge-
nic substrate p-N02-Z-Gly-(S-NBD)-Cys-Gly (44).
The Lineweaver-Burk plot with Hip-His-Leu as substrate

gave a Km value of 1.55 mM for the E. coli K-12 enzyme, which
is in the same order of magnitude as the values obtained for
Dcp of E. coli B (63). The isoelectric points calculated from the
deduced amino acid sequences of the E. coli and S. typhi-
murium enzymes are 5.29 and 5.06, respectively. To determine
the pH optimum for Dcp activity, we used the phosphate buffer
system (pH 5.0 to 9.2) and the Tris-HCl buffer system (pH 7.2
to 9.0). Maximum activity of the E. coli K-12 enzyme was
observed at pH 7.5, compared with pH 8.2 for Dcp from E. coli
B (63). The activity dropped sharply at alkaline pH, whereas at
pH 5.0 the enzyme still retained about 50% of its maximum
activity. The temperature of highest activity was 42°C. At 37°C,
the enzyme showed about 75% of the maximum activity. We
also examined the effects of protease inhibitors and divalent
cations on Dcp activity (Table 3). Whereas the serine protease
inhibitor phenylmethylsulfonyl fluoride had almost no effect,
the cysteine protease inhibitor trans-epoxysuccinyl-L-leucyl-
amido-(4-guanidino)butane (E64), trypsin inhibitor, and pep-
statin reduced the activity of Dcp to between 80 and 60% of its

TABLE 3. Effects of proteinase inhibitors and divalent cations on
Dcp activity

Supplement Concn (mM) Relative Dcp activity"

None (control) 1
Proteinase inhibitors
PMSF' 1 0.92
Trypsin inhibitor" 0.02 0.76
Trypsin inhibitor' 0.06 0.66
Chymostatin 0.2 0.1
E64 0.005 0.61
Pepstatin 0.001 0.81
1,10-Phenanthroline 5 0.02
EDTA 10 0.76

Divalent cationst
Mn2+ 1 1.21
Ca2+ 1 1.2
Mg2+ 1 1.18
co2+ 1 1.15
Cu2+ 1 0.16
Zn2+ 1 0.1
Ni2+ 1 0.09

"Purified Dcp was assayed with Hip-His-Leu as substrate.
h Control without inhibitor.
'PMSF, phenylmethylsulfonyl fluoride.
"From lima bean.
e From bovine pancreas.
f Divalent cations were added as Cl salts.

maximum. In contrast, chymostatin, an inhibitor of chymotryp-
sin-like enzymes (46), clearly affected Dcp activity, and the
chelating agent 1,10-phenanthroline completely inhibited the
enzyme. In agreement with earlier studies (63), EDTA, even if
used at high concentrations (10 mM), was found to have only
a minor effect on Dcp activity. We also verified a previously
observed slight activation of Dcp by 1 mM Mn2+ or Mg2+ (63).
Ca2+ and Co2+, used at the same concentration, had a similar
effect. However, a five- to eightfold stimulation by 5 x 10-5 M
C02,,as demonstrated for Dcp from E. coli B (63), could not
be reproduced for the E. coli K-12 enzyme. On the other hand,
Cu2+, Zn2+, and Ni2+ strongly inhibited Dcp, reducing its
activity to 16, 10, and 9% of its normal level, respectively.
NaCl, known to stimulate ACE at a concentration of 300 mM
(7), had an inhibitory effect on Dcp. In the presence of 100 mM
NaCl, the enzyme retained only 20% of its maximum activity.

DISCUSSION

Expression of the dep gene. Our failure to construct a
high-copy-number plasmid containing the dcp gene suggested
that overproduction of Dcp affects the viability of E. coli. This
agrees with the relatively high frequency (9.5%) of rare codons
(33) in the dcp reading frame, as rare codon usage in other E.
coli genes has been considered a means to keep the corre-
sponding protein products in low copy number (9, 33). In
particular, the rare codons ACG (Thr), AAT (Asn), and CAA
(Gln) seem to be equally dispersed throughout the dcp gene.
On the other hand, peptidase genes such as pepD, pepN, pepA,
and pepP which contain rare codons at moderate frequencies
of 4.1, 5.7, 5.4, and 4.5%, respectively, could easily be overex-
pressed in E. coli (3, 27, 55, 64). The frequencies of rare and
preferred codons in the dcp gene of S. typhimurium (9.25%
rare codons; optimal codon usage frequency of 0.55) were
found to be very similar to those compiled from the E. coli
gene. Elevated intracellular Dcp concentrations, however,
seem to be innocuous to S. typhimurium, since the dcp gene
was recently overexpressed about 50-fold from a pBR328
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derivative in this organism (24). Thus, theE. coli enzyme might
have accessory functions that require effective control of its
copy number.
The positions and the spacings of the putative sigma70

promoter elements and the Shine-Dalgarno sequences are
almost identical for the dcp genes of E. coli and S. typhi-
murium. Accordingly, the degree of homology between the
available dcp upstream sequences of both organisms (75%
identity within 426 nucleotides) is similar to the degree of
homology (72.5%) between the respective coding regions.
Following the TAA stop codons of both genes, the similarity
between the 177 nucleotides of available 3'-flanking sequences
drops sharply to the less significant level of 41.2%. Reduced
sequence similarity might be the reason for the different
positions of transcription terminators proposed for the dcp
genes of E. coli (6 nucleotides downstream of the stop codon)
and S. typhimurium (93 nucleotides downstream of the stop
codon) (24). Alternatively, the inverted repeat indicated by
Hamilton and Miller (24), because of its unfavorable AG value
(+0.6 kcal/mol), may not represent the functional terminator
of dep transcription in S. typhimurium. Another potential
terminator (5'-CGGTTGTTCGGCACTGTCGAACAACCG-
3') with the more reasonable free energy of - 14.6 kcal/mol
can be identified at a distance of only 8 nucleotides after the
stop codon. The position of this palindrome, which, however, is
not followed by the usual stretch of T residues (46), would also
agree with the estimated length (2,050 nucleotides) of dcp
transcripts from S. typhimurium (24).

Catalytic activity of Dcp. pBS13, one of the deletion deriv-
atives of the recombinant plasmid pBS10 (Fig. 1), lacks the
C-terminal 71 codons of the dep gene. The protein product of
the truncated gene, which retains the three highly conserved
regions indicated in Fig. 6A, was sufficient to support slow
growth of dep hisG::TnlO mutants on agar plates containing
Hip-His-Leu as histidine source. This indicates that the C
terminus, although important for full activity, is dispensable for
the peptidolytic action of Dcp. Dcp exhibits a much higher
susceptibility to the chelating agent 1,10-phenanthroline than
to EDTA. The known preference of 1,10-phenanthroline for
Zn2+ (47), together with the presence of a potential Zn2+-
binding site in the deduced amino acid sequence, suggests that
Dcp is a zinc-dependent metallopeptidase. However, we ob-
served strong inhibition of Dcp activity after addition of Zn2+
to a final concentration of 1 mM. This effect probably results
from the formation of zinc monohydroxide ([ZnOH]+) in the
presence of elevated Zn2+ concentrations which might com-
pete with the substrate by blocking the active center of the
enzyme (36).
Dcps of E. coli and S. typhimurium closely resemble mam-

malian ACE in their substrate specificities and in their suscep-
tibility to chemical inhibitors like captopril (13, 16, 60). From
the failure of inhibitory anti-ACE antibodies to affect the E.
coli enzyme, Deutch and Soffer (16) had already concluded
that there was a lack of structural homology between the
catalytically active antigenic determinants of Dcp and ACE.
This earlier observation is now confirmed by sequencing data,
indicating that neither Dcp and ACE nor the corresponding
genes show any significant homologies. Thus, the strikingly
similar enzymatic properties of Dcp and ACE obviously result
from a common mechanism of peptide hydrolysis rather than
from structural homologies. Sequence similarity, on the other
hand, does not necessarily imply identical catalytic properties.
OpdA and Dcp are clearly distinguishable on the basis of their
substrate specificities (59, 63), although the respective amino
acid sequences display extensive homology.

Cellular location of Dcp. Analysis of the deduced amino acid

sequence of Dcp argued against both the presence of a signal
peptide for protein export and any interactions of the enzyme
with the cytoplasmic membrane. This calls into serious ques-
tion the earlier observation that a significant fraction of Dcp
activity (thought to account for the utilization of Ac-Ala3) is
located in the periplasmic space from whence it was reported
to be released by osmotic shock (16). The limitation of Dcp to
the cytoplasmic compartment would also imply that N-blocked
peptide substrates such as Ac-Ala3 and Hip-His-Leu can be
transported across the cytoplasmic membrane, contrary to
previous suggestions (42).
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