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ABSTRACT Peptidyl-glycine a-amidating monooxygen-
ase (PAM; EC 1.14.17.3) catalyzes the conversion of a variety
of glycine-extended peptides into biologically active a-
amidated product peptides in a reaction dependent on copper,
ascorbate, and molecular oxygen. We have isolated and se-
quenced cDNAs representing the two major classes of PAM
mRNA in the adult rat heart atrium. The two types of cDNA,
rPAM-1 and rPAM-2, are identical except for the deletion of a
315-base-pair segment within the protein coding region in
rPAM-2, suggesting that rPAM-1 and rPAM-2 arise by alter-
native splicing. Northern analysis using a cDNA probe derived
from within the 315-base-pair region deleted in rPAM-2
visualized the larger of the PAM mRNAs in adult rat atrium
and not the smaller, indicating that the presence or absence of
this 315-nucleotide segment is a major feature distinguishing
the two size forms ofPAM mRNA. The 105 amino acid segment
that distinguishes the two forms of atrial PAM contains a
consensus N-glycosylation site and a paired basic amino acid
site of potential importance in endoproteolytic processing.
Comparison of the nucleotide sequences of rat, frog, and bovine
PAM cDNAs reveals an extremely well conserved segment in
the 3' untranslated region. The high degree of conservation in
amino acid sequence throughout the catalytic, intragranular,
and cytoplasmic domains of rat atrium, bovine pituitary, and
frog skin PAM suggests that both the catalytic and noncatalytic
domains of the protein subserve important functions.

Production of bioactive peptides from inactive protein pre-
cursors involves a series of post-translational modifications
which occur during transit through the secretory pathway (1-
3). Many peptides require an a-amidated carboxyl terminus
for full biological potency. Peptidyl-glycine a-amidating
monooxygenase (PAM; EC 1.14.17.3) catalyzes the conver-
sion of carboxyl-terminal glycine-extended peptides to a-
amidated product peptides in a copper-, ascorbate- and
molecular oxygen-dependent reaction (4, 5).
Bovine neurointermediate pituitary (6, 7) and frog skin (8-

10) PAMs have been purified and cDNAs encoding them
have been cloned. The bovine PAM cDNA encodes a
108-kDa protein with a single putative transmembrane do-
main (7). The catalytic domain resides in the amino-terminal
third of the precursor, and endoproteolytic cleavage at a
subset of the 10 pairs of basic amino acid residues in the
precursor may generate the soluble forms of PAM purified
from the bovine neurointermediate pituitary (7). Consistent
with the presence of a hydrophobic transmembrane domain
in the PAM precursor, PAM activity could be solubilized
from pituitary membrane fractions (11). The distribution of
PAM activity between soluble and particulate fractions was
found to be tissue specific (11).

Surprisingly high levels of particulate PAM activity were
associated with secretory granule-enriched fractions from
bovine and rat heart atrium (12). Northern analysis indicated
the presence of two major forms ofPAM mRNA in rat atrium
(12). While the role of the atrium as an endocrine organ is now
well recognized (13, 14), the function of PAM in the atrium
remains to be determined; atrial natriuretic factor is not
a-amidated and atrial substrates for PAM have not yet been
identified.
PAM is one of the few enzymes involved in the biosyn-

thesis of bioactive peptides that has been purified and whose
cDNA has been cloned. PAM activity is regulated in a
tissue-specific manner (15). In AtT-20 corticotropic tumor
cells, levels ofPAM mRNA vary in parallel with hormone in
response to treatment with glucocorticoid or corticotropin-
releasing hormone (7, 16). The broad tissue distribution of
PAM activity (17, 18) and its key position in the biosynthetic
pathway of many peptides makes it an attractive model for
investigating the mechanisms involved in tissue-specific
regulation of peptide processing.
We isolated cDNA clones encoding rat PAM to facilitate

further studies of the physiological role and regulation of this
enzyme. Atrium was selected as the source ofRNA because
high levels of at least two forms of PAM mRNA are
expressed, permitting elucidation of the basis and functional
consequences of the presence of these different forms. Here
we report the sequences of two distinct types of cDNA
encoding rat atrial PAM.* The forms of PAM mRNA pre-
sumably derive from alternative splicing of a single primary
transcript. We compare the nucleotide and predicted amino
acid sequences of rat PAM with those of bovine pituitary (7)
and frog skin (9, 10) PAM to identify highly conserved regions
of potential functional importance.

MATERIALS AND METHODS
Cloning of cDNAs Encoding Rat Atrial PAM. Total RNA

prepared from adult male rat atria (Sprague-Dawley) (19) was
subjected to oligo(dT)-cellulose chromatography. Double-
stranded cDNA was synthesized from 2.8 ,ug of poly(A)+
RNA by using the BRL cDNA synthesis system with oli-
go(dT) as the first strand primer (20). cDNAs larger than 1
kilobase (kb) were selected by gel filtration on Bio-Gel A-50m
(Bio-Rad), ligated to 1 ,ug of EcoRI-digested AZAP arms
(Stratagene), and packaged by using the Gigapack Gold in
vitro A packaging kit (Stratagene). A titer of 2.9 x 106 phage
was obtained when the library was plated on Escherichia coli
BB4 cells.
For screening, 180,000 phage were plated at a density of

30,000 phage per 150-mm plate. Triplicate nitrocellulose
replicas were screened with nick-translated EcoRI cDNA

Abbreviations: PAM, peptidyl-glycine a-amidating monooxygenase;
AE, amidating enzyme.
*The sequence reported in this paper is being deposited in the
EMBL/GenBank data base (accession no. J04161).
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FIG. 1. Nucleotide and predicted protein sequence for rat atrium PAM. (A) Diagram outlining the relationship between ZAP 6 and ZAP 8
clones, selected restriction endonuclease sites, and the sequencing strategy. (B) Diagram outlining key features of the proteins encoded by
rPAM-1 and -2 (missing region denoted by *): hatched areas, putative signal sequence and transmembrane domain; C, cysteine residues; irregular
closed curves, potential glycosylation sites; ®, potential phosphorylation site; K (lysine) and R (arginine), potential endoproteolytic cleavage
sites; histidine-rich regions are indicated by H with other single-letter amino acid symbols. (C) cDNA sequence of ZAP 6 (uppercase letters)
and deduced protein sequence. The 315-bp region missing in ZAP 8 is enclosed in brackets. The additional 116 nucleotides present at the 5' end
ofZAP 8 (lowercase letters) have been added to the 5' end of the ZAP 6 sequence. The highly conserved 86-bp region of the 3' end is underlined.
The putative polyadenylylation signal is boxed.

fragments spanning the entire bovine PAM cDNA [base pairs plaques identified by the 2.2-kb fragment, 55 hybridized to all
(bp) 1-781, 782-1503, and 1504-3724] (7). Of 252 positive three probes. Twenty of these 55 were plaque-purified, and
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18 were rescued by R408 helper phage (Stratagene) as positive
cDNA insert-containing Bluescript (SKM13-) plasmids. Plas-
mid DNA was characterized by restriction mapping. By re-
striction analysis with BamHI and HincII, the plasmids were
separated into two major classes, rPAM-1 (7 of 18) and rPAM-
2 (5 of 18). One insert from each class was chosen for further
characterization: ZAP 6 (rPAM-1) and ZAP 8 (rPAM-2).
Nested sets of deletions extending inward from the 5'- and

3'-termini of ZAP 6 were generated with an exonuclease
III/mung bean nuclease kit (Stratagene). Fragments sub-
cloned in Bluescript and inserts bearing deletions generated
by using unique restriction sites were used to direct sequenc-
ing to remaining regions of ZAP 6 and to sequence ZAP 8.
ZAP 6 was sequenced on both strands in its entirety by the
dideoxy chain termination method (21) using the Sequenase
kit (United States Biochemical). ZAP 8 was sequenced on at
least one strand in its entirety and on both strands over the
presumptive splice junction and over the additional 117 bases
at its 5' end.
Northern Blot Analysis. Total atrial RNA was prepared,

fractionated on 1.0% agarose gels containing formaldehyde,
transferred to Nytran (Schleicher & Schuell), and analyzed as
described (7). cDNA probes were derived from bovine PAM
cDNA (EcoRI/EcoRI bp 782-1503 fragment) and rat PAM
ZAP 6 cDNA (Xmn I/HincII bp 1517-1708 fragment). Nick-
translated probes were added to the prehybridization solution
(106 cpm/ml) and hybridization continued at 420C for 24-36
hr. Molecular weights were estimated by comparison with an
RNA "ladder" (BRL) and with the positions of ribosomal
RNA bands.

RESULTS
We have cloned and sequenced two distinct cDNAs forPAM
from an adult rat atrium cDNA library. The first cDNA (ZAP
6), which is of the rPAM-1 type, is 3770 bp long, contains a
180-bp G+C-rich (79%) 5' untranslated region followed by a
single 2931-bp open reading frame, and ends with a 659-bp
A+T-rich (57%) 3' untranslated region (Fig. 1C). The nucle-
otide sequence around the initiator methionine satisfies the
criteria set forth by Kozak (22). Although this cDNA clone
does not contain a poly(A) tail, it does have a consensus
polyadenylylation signal (Fig. 1C) and ends only five nucle-
otides before the poly(A) tail in the bovine PAM cDNA (7).
The second cDNA (ZAP 8), which is of the rPAM-2 type, is
3551 bp long; it contains 20 fewer nucleotides at its 3' end and
an additional 116 nucleotides at its 5' end (lowercase letters
in Fig. 1C). In addition, ZAP 8 is missing 315 nucleotides that
are found in ZAP 6 (bp 1475-1789); this deletion leads to the
disappearance of several restriction sites (Fig. LA). Sequence
analysis shows no other differences between the two major
types of cDNA.
Northern analysis of adult rat atrium RNA was carried out

to determine whether the two types of cDNA identified
correspond to the major species of PAM mRNA observed
(Fig. 2). Hybridization with a bovine PAM cDNA probe
derived from a region common to both types of rat PAM
cDNA revealed the expected two major forms of PAM
mRNA (4.2 ± 0.1 kb and 3.8 ± 0.1 kb). When the same blot
was stripped and rehybridized with a probe specific for
rPAM-1, only the larger of the rPAM mRNAs was recog-
nized, suggesting that this 315-nucleotide deletion accounts
in part for the difference between the two major size forms of
atrial PAM mRNA.
The rPAM-1 type cDNA encodes a 976 amino acid protein

of 108,650 Da (Fig. 1B). A hydrophobic segment at the amino
terminus satisfies the consensus rules for signal sequences,
with cleavage most likely to occur after amino acid 25 (23).
The signal sequence is followed by a 10 amino acid putative
propeptide [by analogy with the bovine enzyme (7)], an 831

A B

rPAM-1l
rPAM-2 "

-28S

-18 S

FIG. 2. Northern analysis of adult rat atrium RNA. Ten micro-
grams of total atrium RNA was fractionated on a denaturing agarose
gel as described (7). After hybridization with the bovine PAM cDNA
fragment and exposure to film (64 hr, -70°C, with intensifying
screen), the filter was stripped and reprobed with the rPAM-
1-specific probe (24 hr, -70°C, with intensifying screen). The point
of sample application is marked by an arrowhead. With the use of
longer denaturing gels, the apparent sizes of the two major forms of
atrial PAM mRNA are 4.2 ± 0.1 kb and 3.8 ± 0.1 kb instead of 3.8
± 0.1 kb and 3.6 ± 0.1 kb (12).

amino acid catalytic/intragranular domain, a 24 amino acid
hydrophobic putative transmembrane domain, and an 86
amino acid hydrophilic putative cytoplasmic tail. Notable
features include the presence of 8 pairs of basic amino acid
residues, 3 clusters of histidine residues, 2 potential sites for
N-glycosylation, 14 cysteine residues in the catalytic/intra-
granular domain, and 3 potential phosphorylation sites in the
putative cytoplasmic tail (Fig. 1B and Fig. 3). The rPAM-2
type cDNA encodes an 871 amino acid protein of 96,800 Da,
which is missing 105 amino acids present in the catalytic/
intragranular domain of the rPAM-1 type precursor (amino
acids 393-497 of rPAM-1). The deleted region contains a pair
of basic amino acids (Lys-Lys at positions 436-437), 9 single
arginine residues, and 1 ofthe potential N-glycosylation sites.
The position of the deletion in rPAM-2 corresponds to the
region missing from frog AE-II when it is compared to
rPAM-1 and bovine APAM-1. FASTP searches (24) of the
National Biomedical Research Foundation Protein Identifi-
cation Resource data base on May 19, 1988, identified no
proteins with significant homology to the entire rat PAM
sequence or to this 105 amino acid segment.
With the sequence of PAM cDNAs from three species, it

is possible to identify features conserved at the nucleotide
and amino acid level. Comparisons here are made between
rPAM-1 and bovine APAM-1 and between rPAM-2 and frog
AE-II. The nucleotide identity is 80% between rat and bovine
PAM and 60% between rat and frog PAM. Conservation is
most marked at the extreme 3' end of the 3' untranslated
region, with 98% identity between rat and bovine sequences
in an 86-bp segment (Fig. 1C) (82% identity for rat/frog). In
the protein coding region, the nucleotide sequences of rat and
bovine PAM exhibit 84% identity, while rat and frog exhibit
66% identity. The nucleotide sequence in the 5' untranslated
region ofthe PAM cDNAs shows the least conservation (57%
identity for rat/bovine; 39% for rat/frog).
At the amino acid level, sequence conservation is fairly

uniform throughout the protein, with overall identity of 88%
between rat and bovine PAM and 66% between rat and frog

Neurobiology: Stoffers et al.
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SIGNAL PEPTIDE * PROPEPTIDE
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FIG. 3. Comparison of rat, bovine, and frog PAMs. The sequences of the proteins encoded by rat atrium rPAM-1 and rPAM-2, bovine
intermediate pituitary APAM-1 and APAM-5 (7), and frog skin amidating enzyme (AE)-I and AE-II (9, 10) are compared. The numbering given
is that for the rPAM-1 sequence. Amino acid symbols are shaded only if they are identical in at least two of the three species. The positions
of several conserved features are noted: *, cysteine residues; r, clusters of histidine residues; _, pairs of basic amino acids; ..., potential
sites for N-glycosylation; and *, potential sites for phosphorylation. Initial alignment was pairwise by computer (Microgenie); final alignment
was manual.

PAM. The signal sequences are relatively poorly conserved
(60% identity for rat/bovine). In contrast, the sequence of the
putative propeptide is completely conserved in all three
species. Soluble PAM purified from bovine neurointermedi-
ate pituitary included proteins with amino-terminal se-
quences beginning immediately after the Lys-34-Arg-35
sequence at the carboxyl terminus of the propeptide domain
and proteins beginning after Arg-41 (arrowheads in Fig. 3) (7).
In the amino-terminal half of the catalytic/intragranular
domain, which constitutes the catalytic domain, amino acid
sequence identity is 90% between rat and bovine and 65%
between rat and frog. In the carboxyl-terminal half of the
catalytic/intragranular domain, sequence identity is similar
(85% and 67%, respectively). The amino acid sequence of the
putative transmembrane domain is substantially better con-
served than that of the signal sequence (80% rat/bovine; 71%
rat/frog), and the hydrophilic putative cytoplasmic tail is also
well conserved (82% rat/bovine; 71% rat/frog).

Conservation of several specific features is notable (Fig. 3).
The positions of all 14 cysteine residues within the
catalytic/intragranular domain are conserved in all three spe-
cies; these residues may be important in maintaining the
conformation of the enzyme within the secretory granule or at
the cell surface after secretion. The two clusters of histidine

residues postulated to play a role in the interaction of bovine
PAM with copper (7) are conserved in all three species, as is the
additional His-His sequence at residues 207-208.

Endoproteolytic cleavage at paired basic amino acids was
postulated to play a role in the tissue-specific generation of
soluble PAM (7). Eight of the 10 pairs of basic amino acids in
the bovine PAM precursor are conserved in rPAM-1. The
potential endoproteolytic cleavage sites not conserved in-
clude bovine PAM Lys-225-Lys-226, which is absent from
rat and frog PAM, and bovine PAM Lys-379-Arg-380, which
is conserved in frog but not in rat PAM. Cleavage of the
bovine PAM precursor at the latter site was postulated to
generate a 38,000-Da form ofPAM in bovine pituitary (PAM-
B) (7). Consistent with this species specificity, a 39,000-Da
form of PAM has also been purified from frog skin (8), while
PAM activity purified from a rat medullary thyroid carcinoma
has a mass of 75,000 Da (25). The Lys-432-Lys-433 sequence
postulated to serve as the endoproteolytic cleavage site for
production of bovine pituitary PAM-A is conserved in rPAM-
1 but is in the region deleted from rPAM-2 and frog PAM.
Proteolytic cleavage of bovine pituitary PAM also appears to
occur after single arginine residues (7). Endoproteolytic
cleavage of this type may be particularly relevant in the
atrium, since production of atrial natriuretic factor involves
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cleavage after a single arginine residue (14); the region
deleted in rPAM-2 contains nine single arginine residues. The
remaining paired basic sites in the intragranular domain are
conserved in rat, bovine, and frog PAM, as are three of the
four paired basic amino acid sequences in the putative
cytoplasmic domain.
Two of the three potential phosphorylation sites in the

putative cytoplasmic tail (Ser-937 and Ser-945) are conserved
in all three species, while the third site (Ser-895) is conserved
only between rat and bovine (7). Rat PAM-1 contains both
potential N-glycosylation sites found in bovine PAM (Asn-
415 and Asn-765); the first of these sites is in the region
deleted in rPAM-2 and frog PAM, while the second site is
conserved in frog PAM.

DISCUSSION
Two types of cDNA, rPAM-1 and rPAM-2, were identified in
a rat atrium cDNA library. The ratio between the number of
clones of each type (rPAM-1/rPAM-2 = 1.4) correlates well
with the relative levels of the two major forms ofPAM mRNA
seen on Northern blots of adult rat atrium (Fig. 2; ref. 12).
cDNAs of each type were sequenced and differ by an
in-frame deletion of a 315-bp segment from the protein coding
region of rPAM-1. Southern analysis of rat and bovine
genomic DNA indicates that a single complex gene encodes
PAM (60-80 kb and at least eight introns in the bovine PAM
gene; D.A.S., unpublished observations). Taken together,
these results strongly suggest that one gene gives rise to both
mRNAs by alternative splicing. Use of multiple sites of
initiation and polyadenylylation as well as differing extents of
polyadenylylation requires further investigation. The two
types of PAM cDNA found in bovine neurointermediate
pituitary are also probably products of alternative RNA
splicing; a 54-bp segment in the region coding for the
cytoplasmic domain of APAM-1 is deleted in APAM-5 (7). In
contrast, the two types ofPAM cDNA found in the frog must
be products of separate genes (9, 10). The exact alignment of
rPAM-2 and frog AE-II suggests conservation of the
exon/intron structure of the gene encoding PAM in this
region. Alternative splicing is a frequent means of generating
protein diversity in postmitotic tissues such as muscle and
nerve (26), and it is anticipated that additional forms of PAM
mRNA will be identified in both rat and bovine tissues.
The PAM precursors encoded by the two rat cDNAs

should differ from each other and from bovine and frog PAM
in their ability to generate soluble PAM activity. It is possible
that the rat PAM precursors yield enzymes with different
substrate specificities and catalytic properties. Alternative
splicing may provide a mechanism whereby a single gene can
encode a processing enzyme utilized by many different
neuroendocrine cells to produce a variety of amidated pep-
tides and respond to multiple regulatory inputs. Consistent
with this prediction, Western blot analysis of membrane-
associated atrial PAM reveals a complex pattern of bands of
molecular mass 94 to 125 kDa, and the forms ofPAM mRNA
expressed during atrial and ventricular development undergo
a complex series of tissue-specific and developmentally
regulated changes (31).
The marked conservation of the 86-bp segment in the 3'

untranslated region of the PAM cDNAs examined suggests
that this region has a specific function. Sequences within the
3' untranslated region may affect mRNA stability (27, 28) and
translational efficiency (29, 30). The relatively high degree of
conservation throughout the rat, bovine, and frog PAM
proteins implies that the catalytic and noncatalytic domains
of the molecule are likely to serve specific functions. The
cytoplasmic tail might serve a regulatory role; e.g., phos-
phorylation of a site in the cytoplasmic domain might regulate

the activity of the catalytic domain or subcellular routing
through the conserved membrane-spanning and intragranular
domains. When the structure of the gene encoding PAM has
been elucidated it will be possible to identify additional
mRNA species and proteins derived from this gene and
examine their tissue-specific expression and regulation.
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