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ABSTRACT  Rat carboxypeptidase A ¢cDNA clones have been
isolated from a cDNA library prepared from pancreatic mRNA.
An almost complete mRNA sequence has been deduced that pre-
dicts a polypeptide having 78% amino acid sequence homology
with bovine carboxypeptidase A. The amino acid sequence of the
activation and signal peptides of the carboxypeptidase A precursor
were inferred from the nucleotide sequence. The cDNA was used
as a probe to identify DNA fragments containing carboxypeptidase
A sequences in a bacteriophage A library of rat genomic DNA.
Heteroduplexes revealed that the DNA coding sequence occupies
5.5 kilobases and is interrupted by nine intervening sequences.
The nucleotide sequence of the 5’ end of the gene and the adjacent
flanking region provides information on the site of initiation of
transcription and the putative control regions. There is no evident
relationship between the localization of intervening sequences in
the gene and functional/structural domains of the protein.

Carboxypeptidase A (peptidyl-L-amino-acid hydrolase, EC
3.4.17.1) is a pancreatic exopeptidase that degrades polypep-
tides in a sequential fashion from their COOH terminus. This
molecule is well characterized: the amino acid sequence of the
bovine enzyme has been determined by Neurath and collabo-
rators (1), and the three-dimensional structure has been elu-
cidated by x-ray crystallographic analysis by Lipscomb’s group
(2). The mechanism of action of the enzyme and its chemical
properties have been studied extensively (e.g., ref. 3).

Like most digestive proteases, carboxypeptidase A is formed
from an inactive precursor, procarboxypeptidase A. Activation
involves the loss of a large peptide whose structure has not been
reported. It is presumed that procarboxypeptidase A requires
a signal peptide which targets the molecule for secretion (4).
Blobel and colleagues (5) have obtained preliminary evidence
suggesting that the NH,-terminal peptides of exocrine pan-
creatic protein precursors might be similar or identical. Because
most signal peptides exhibit considerable variation in sequence,
this might suggest a cell- or tissue-specific secretory mechanism.

In this paper we report the isolation and nucleotide sequence
of a DNA complementary to rat carboxypeptidase A mRNA and
the isolation and partial characterization of a rat genomic DNA
clone that contains the carboxypeptidase A gene. The nucleo-
tide sequence predicts the primary translation product, pre-
procarboxypeptidase A, that contains a putative signal peptide
at the NH, terminus. Like many other eukaryotic genes, the
carboxypeptidase A gene contains intervening sequences (in-
trons). Because of the extensive structural information available
about the carboxypeptidase A protein, the relationship between
the structures of the gene and the protein may be used to ana-

lyze the hypothesis that coding sequences (exons) correspond
to functional/structural domains in eukaryotic proteins.

MATERIALS AND METHODS

Library Screening. A ¢cDNA library, constructed from rat
pancreatic poly(A)*RNA (unpublished data), was screened ac-
cording to the method of Grunstein and Hogness (6), except that
Whatman 541 filter paper replaced nitrocellulose filters.

A library of rat genomic DNA (7) was screened (8) by using
nick-translated (9) pCQ1260 as a probe. Positive plaques were
purified (three cycles) and used to prepare DNA (10).

Restriction Mapping and Nucleotide Sequence Analysis. To
construct a restriction map, single and double restriction en-
zyme digestions were carried out. The resulting fragments were
analyzed by electrophoresis on agarose or acrylamide gels. DNA
fragments were labeled and their sequence was determined by
the procedure of Maxam and Gilbert (11). Most of the data pre-
sented were obtained by analyzing only one strand of DNA.
Appropriate fragments of genomic clones were subcloned into
pBR328 (12) prior to sequence determination.

Heteroduplex Mapping. A11-CQ DNA was hybridized with
rat pancreatic poly(A)*RNA according to the method of Fer-
gusson and Davis (13) except that purified DNA was used.
Hybrid molecules were visualized with a Philips 300 electron
microscope. Dihybrids (13) among A11-CQ, pCQ1260, and
wild-type Charon 4A were used to determine the orientation
of the gene and to delimit its flanking regions.

RESULTS

Isolation and Identification of the Rat Carboxypeptidase A
cDNA Clone. Rat pancreatic carboxypeptidase A cDNA clones
were isolated from a cDNA library prepared from adult rat
poly(A)*RNA after elimination of a-amylase (14) and elastase
c¢DNA clones (unpublished data) by screening with their re-
spective probes. From the remaining clones, recombinants
were selected at random and sized (15), and partial sequences
were determined. One such clone, pCQ500, contained a 500-
base-pair insert in which the amino acid sequence predicted
from one reading frame of the nucleic acid was 78% homologous
with bovine carboxypeptidase A. The cDNA library was re-
screened with pCQ500 as a probe, and a larger recombinant
plasmid, pCQ1260, containing an insert of approximately 1260
base pairs, was obtained. The sequencing strategy used for both
carboxypeptidase A cDNA inserts is presented in Fig. 1. The
nucleotide sequence of rat preprocarboxypeptidase A mRNA
and the corresponding amino acid sequence, presented in Fig.
2, are derived from both recombinant plasmids and partly from
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Fic. 2. Nucleotide sequence of rat carboxypeptidase A mRNA and the corresponding amino acid sequence. Star, 5’ limit of the sequence de-

termined from cDNA clones; arrows, probable processing sites for the pre and pro peptides.
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the sequence of a genomic clone (see below). The size of the
carboxypeptidase A mRNA sequences in rat pancreas
poly(A)*mRNA was determined, by the reverse Southern blot-
ting method, to be 1450 + 75 bases (data not shown). Thus,
pCQI1260 contains a nearly full-length cDNA insert.

Isolation and Characterization of Carboxypeptidase A Rat
Gene. Radiolabeled pCQ1260 was used to screen a rat genomic
library of 10° recombinant phages (=3 rat genome equivalents).
Fifteen phages were independently isolated, and restriction
endonuclease analysis suggested that all 15 represent overlap-
ping fragments from a single carboxypeptidase A gene (data not
shown). The restriction map of one genomic clone, A11-CQ,
which contains the entire carboxypeptidase A coding sequence,
is shown in Fig. 3.

The structure of the carboxypeptidase A gene has been de-
termined by electron microscopic examination of heterodu-
plexes between the genomic fragment A11-CQ and rat pan-
creatic poly(A)*RNA. A representative electron micrograph,
the corresponding interpretation, and a schematic drawing of
the carboxypeptidase A gene are shown in Fig. 4. Carboxypep-
tidase A encoding segments of approximately 80-200 bases lie
within a 5.5-kilobase region of genomic DNA and are separated
by nine intervening sequences ranging in length from 130 to
1380 bases. The estimated total length of the exons (1253 + 150
bases) agrees well with the size of the mRNA (1450 + 75). Di-

(LA) and right arm (RA) of A Charon
4A, respectively. kb, Kilobases.

hybrids among A11-CQ, Sal I-linearized pCQ1260, and wild-
type Charon 4A revealed the same pattern of nine intervening
sequences (data not shown), indicating that there are no extra
introns at the 5' or 3’ ends of the mRNA.

The exon—intron boundaries of three of the nine intervening
sequences have been determined. These sequences (data not
shown) are consistent with the consensus sequence compiled
by Benoist et al. (16). The nucleotide sequence of the 5’ flanking
end of the carboxypeptidase gene is shown in Fig. 5 which de-
lineates the putative control regions for this gene.

The Rat Genome Contains One Carboxypeptidase A Gene.
High molecular weight DNA from Sprague-Dawley rats was
cleaved in separate experiments with EcoRI, HindIII, BamHI,
and Pst I and analyzed by Southern blotting using radiolabeled
pCQ1260 as a probe. The hybridization pattern (data not shown)
was similar to the restriction map of the genomic clone A11-CQ
(Fig. 3). Thus, the relevant sequences of A11-CQ can account
for all of the carboxypeptidase A fragments observed in the rat
genome by this test. We conclude that the rat genome contains
a single carboxypeptidase A gene. This idea is supported by the
similarity of the restriction maps of the 15 independently de-
rived genome clones.

DISCUSSION

In the present work we identified the rat carboxypeptidase A
gene by two criteria. First, the predicted amino acid sequence
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FiG. 4. Heteroduplex map of the rat carboxypeptidase A gene. (A) Electron micrograph of a representative heteroduplex formed between rat
pancreatic poly(A)*RNA and A11-CQ genomic DNA. (x35,000.) (B) Interpretative drawing of the heteroduplex structure. Arrows delimit the region
of homology between the genomic fragment and the RNA. (C) Schematic representation of the organization of carboxypeptidase A gene in the
genomic DNA fragment. The lengths of the coding segments and introns are mean values determined from eight different hybrids.
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-290 -280 -270 -260 -250 -240 -230 -220 -210 -200
'TCGTGAGCTAACAATAAGGTATCTGCGGCTGTGGGAAACCGGATGAGTAGTCCCAGCTGGGAGACCTCAGGCGCAGCTGACCCCATG

-190 -180 -170 -160 -150 -140 -130 -120 -110 =100 =90
GTCAAGGGTAGAAGCCTGGCTTATCTCTCCACCTGCCTTGTTCCCCGATACTTTATCAGGAAGAGTGGAAAGGTGCCGCAGTTTGGAACTCCAGCCTCTCCCTC

-80 -70 ~60 =50 -40 -30 -20 -10 i 10 Met
CCCATGGGACTTGATCCAGATGTGAGGGGAACTGTCCCCGGGGACCCCTGTCAGCGTTTAAAAAGGCCTCAGATCTCAGTCTTGGCCTGACCTTCTCACCATG

Fi1c. 5. Nucleotide sequence of the 5' flanking region of the carboxypeptidase A gene. The putative 5' end of the mRNA (capping site) is indicated

by an asterisk; the presumed T-A-T-A (Hogness—Goldberg) sequence is underlined; C-C-A-A-T box is underlined with a dashed line.

displays 78% homology with that of the mature bovine enzyme
(1). Second, the invariant amino acids associated with biological
function (2, 3) are present at the correct positions in the rat
protein sequence: histidine-69, glutamate-72, and histidine-196
participate in zinc binding; arginine-71, arginine-145, tyrosine-
198, isoleucine-247, tyrosine-265, and phenylalanine-279 are
involved in substrate binding; tyrosine-248 may act as a proton
donor and glutamate-270 as a nucleophile (or general base); the
structure is maintained in part by a disulfide bond between
cysteine-138 and -161.

The majority of the carboxypeptidase A mRNA sequence was
determined from the sequence of two cDNA clones, but the
untranslated leader sequence and the first 11 amino acids of the
signal peptide are derived from the genomic DNA and, in prin-
ciple, are uncertain. However, we feel confident of this assign-
ment because (i) a heteroduplex analysis reveals no introns in
this region, (ii) the predicted prepeptide displays characteristic
structural features found in other signal sequences, and (ii)
putative control regions are found in appropriate positions rel-
ative to the proposed start of the mRNA sequence (see below).
The 1310 nucleotides of mRNA sequence presented in Fig. 2
account for most of the length of the carboxypeptidase A mRNA
(1450 = 75 bases). However, only 42 nucleotides have been
determined beyond the UGA stop codon. This segment does
not include the hexonucleotide A-A-U-A-A-A (17) or poly(A).

The mRNA nucleotide sequence predicts that preprocar-
boxypeptidase A is a protein containing 419 amino acids and
-demonstrates the presence of an NH,-terminal signal peptide.
The 309-amino acid mature enzyme [putting alanine-1 as the
NH, terminus by analogy with the bovine enzyme (1)] contains
two extra amino acids (proline and tyrosine) present at the
COOH terminus, compared to the 307-amino acid bovine
enzyme.

The propeptide comprises 94 amino acids from asparagine-
—94 by analogy with the preliminary bovine proenzyme se-
quence (M. G. Hass, R. Wade, J. Gagon, L. Erickson, H. Neu-
rath, and K. Walsh, personal communication). The rat and bo-
vine propeptides are 70% homologous, with three striking
blocks of high homology (amino acids —11 to —23, 92% ho-
mology; —40 to —51, 92%; —58 to —91, 82%). We suggest that
these regions may be conserved because of functional impor-
tance, perhaps being involved in the formation of the inactive
carboxypeptidase A zymogen structure.

We propose that the remaining 16 amino acids (—110 to
—93) comprise the signal peptide involved in the secretion of
procarboxypeptidase A. Blobel and coworkers (5) have pre-
sented evidence for a common signal peptide sequence for all
(or many) pancreatic zymogens. However, our data eliminate
this possibility; the rat carboxypeptidase A prepeptide differs
sharply from the general sequence reported (5) as do the signal
peptides of several other rat pancreatic zymogens that have
been determined to date (unpublished data).

Restriction analysis of independently isolated genomic clones
and of rat genomic DNA indicates that the rat genome contains
a single copy of the carboxypeptidase A gene (unpublished

data). Approximately 2 kilobases of genomic DNA has been sub-
jected to sequence analysis including 600 bases of DNA in the
5' flanking putative control region. A possible capping site (18)
is found 11 nucleotides upstream from the initiator methionine:
we propose that the transcript initiates and is capped at the
adenosine residue (18). The sequence T-T-T-A-A-A, a variant
of the consensus Goldberg-Hogness (19) T-A-T-A-A-A se-
quence, occurs at position —30 with respect to the cap site. At
—72 there is a sequence, C-C-A-G-A, that resembles the C-C-
A-A-T box (20).

Heteroduplex analysis of the genomic clone against either the
cDNA or the mRNA indicates that the gene contains at least
nine introns. The first three have been localized precisely by
nucleotide sequence analysis. It has been proposed (21) that
exons delineate functional domains in proteins. Thus, the cre-
ation of new proteins in evolution may be facilitated by shuffling
the exons. This argument has received support from studies of
immunoglobulin (22) and globin (23) gene structure but has not
been extensively applied to other proteins, especially those with
catalytic activity (24). In Fig. 6 we present a correlation between
the intron—exon structure, the three-dimensional structure of
the enzyme, and the distribution of essential amino acids. There
is no obvious overall correlation of exon boundaries with struc-
tural/functional features of the molecule: the first exon includes
the signal peptide but also four propeptide residues. The second
exon contains most of the conserved region of the propeptide,
but this region extends two amino acids before and three amino
acids after the exon boundaries. The third contains the remain-
der of the propeptide sequence, including two conserved re-
gions, as well as 18 amino acids of the mature enzyme. Three
possible structural domains (amino acids 1-127, 128-189, and
190-307) have been identified (25, 26) in the mature bovine
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FiG. 6. Alignment of introns in the preprocarboxypeptidase A
gene with features of the primary and tertiary structures of the pro-
tein. The box represents the preprocarboxypeptidase A protein which
is divided into pre, pro, and mature regions (from left to right) by ver-
tical lines. Hatched boxes denote regions of high amino acid sequence
homology between the rat and bovine propeptides. Structural features
of the mature protein identified from x-ray crystallographic analysis
of the bovine enzyme are depicted and domains 1 through 3 are shown.
Functional amino acids in the mature enzyme are indicated as follows:
0, zinc-binding residues; a, residues involved in substrate binding;
o, cysteine-138 and -161; m, tyrosine-248; O, glutamate-270 (see Dis-
cussion for identity of residues). The positions at which introns inter-
rupt the rat carboxypeptidase A coding sequence are depicted by ver-
tical arrows above the protein. Solid arrows, introns that have been
localized by DNA sequence; open arrows, introns localized by hetero-
duplex mapping.
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enzyme. These domains do not correlate with the positions of
introns. The essential amino acid residues are dispersed over
five exons without any functional grouping. It seems possible
that simple structural motifs (e.g., combinations of a-helix and
B-sheet structures) that combine to build more complex struc-
tural domains could be the basis of coding units. The bovine
carboxypeptidase A molecule is composed of an eight-strand
array of B-sheets and a-helices; we find no obvious relationship
between these structures and the location of the introns. The
analysis of such an idea requires more precise resolution of in-
tron—exon boundaries of this and other well-characterized pro-
teins, especially those with catalytic activity. Meanwhile we are
left with the impression that, in this gene, the position of the
introns is governed by forces that disperse them throughout the
gene structure without particular regard for the protein
structure.
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