Calcitonin Messenger RNA Encodes Multiple

Polypeptides in a Single Precursor

Abstract. Recombinant DNA techniques were used to analyze the structure of the
messenger RNA encoding a precursor of calcitonin, a small calcium-regulating
hormone of 32 amino acids. Analyses of the nucleotide sequences of cloned
complementary DNA’s comprising the entire coding sequence of the messenger
RNA revealed that calcitonin is flanked at both its amino and carboxyl termini by
peptide extensions linked to the hormone by short sequences of basic amino acids.
The location of glycine next to the carboxyl terminal prolinamide of calcitonin is
consistent with indications that glycine is required for the enzymatic amidation of
proline to the prolinamide. During cellular bioysnthesis, calcitonin arises from a
large precursor protein by cleavages at both amino and carboxyl terminal residues of
the hormone. These findings raise questions concerning the regulation of these
cleavages and the potential biological functions of the precursor extensions derived

from these cleavages.

In the 1960’s, Copp et al. (I) identified
a humoral factor in cervical venous
blood that had potent hypocalcemic ac-
tions. Subsequently Hirsch et al. (2) es-
tablished that the factor originated in the
thyroid gland of mammals. This factor,
termed calcitonin, is a small polypeptide
hormone of approximately 3500 daltons
that is synthesized in the parafollicular
cells of the thyroid gland of mammals
and in the ultimobranchial glands in low-
er vertebrates (2—). The hormone con-
tains 32 amino acids, including a 1-7
disulfide bridge and a carboxyl terminal
prolinamide (5). More recent evidence
indicates that calcitonin, in addition to
serving as a regulator of calcium metabo-
lism, may also act in the central nervous
system in the regulation of appetite (6).
In preliminary investigations, calcitonin-
like immunoreactivity has been localized
in the brain (7) and the pituitary gland
8).

Although little is known about the
cellular mechanisms involved in the bio-
synthesis of this hormone, we (9) and
others (10, 11) found, by analyses of the
proteins synthesized in cell-free systems
programmed by messenger RNA'’s
(mRNA’s) prepared from thyroid para-
follicular cells, that the hormone is syn-
thesized in the form of a large precursor
of apparent molecular weight 15,000
(12). Recently, a partial sequence of this
precursor has been reported (/3). To
determine the complete amino acid se-
quence of this precursor, we constructed
and cloned, in bacteria, recombinant
plasmids containing DNA’s complemen-
tary to mRNA’s of the parafollicular
cells from a rat. We now report the
nucleotide sequence of a cloned comple-
mentary DNA (cDNA) containing all of
the coding sequence for a precursor of
rat calcitonin. In addition to confirming
the amino acid sequence of this calcito-
nin, as determined by Raulais et al. (14),
the nucleotide sequence indicates that
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extensive posttranslational processing
must take place during the formation of
calcitonin from its precursor.

To synthesize cDNA coding for calci-
tonin, we isolated total polyadenylated
[poly(A)] RNA from transplantable rat
carcinomas of the thyroid, which are
composed primarily of parafollicular
cells (15). Approximately 50 pg of poly-
(A)-rich mRNA was isolated from 1 g of
tumor, by extraction with phenol fol-
lowed by adsorption onto oligodeoxy-
thymidylate-cellulose (/6). The cDNA
was synthesized from mRNA with re-
verse transcriptase (/7). Double-strand-
ed DNA was prepared from the cDNA
with polymerase I and inserted into the
Pst I restriction endonuclease site of the
plasmid pBR322 (/7). We introduced the
recombinant plasmids into Escherichia
coli x1776 by standard techniques (/7)

[ S

Fig. 1. Hybridization selection of calcitonin
mRNA by cloned cDNA. Recombinant plas-
mid DNA’s were cleaved with the restriction
enzyme Eco RI and immobilized on nitrocel-
lulose filters. Immobilized DNA was used to
select mRNA'’s by hybridization (/8). Hybrid-
ized mRNA’s were eluted from the filters and
translated in wheat germ cell-free assays in
the presence of [>S]methionine. Labeled
translation products were separated on sodi-
um dodecyl sulfate-polyacrylamide and au-
toradiofluorographed for 3 days at —70°C (9).
(Lane A) Products of translation in the ab-
sence of RNA. (Lane B) Products of transla-
tion of total poly(A) RNA isolated from a rat
medullary carcinoma of the thyroid. (Lane C)
Products of translation of mRNA selected by
a cloned cDNA. (Lane D) Immunoprecipita-
tion of calcitonin precursor with an antiserum
to human calcitonin (9) from total translation
products in lane B. Arrows point to the calci-
tonin precursor with an apparent molecular
weight of 15,000.

and selected clones containing calcito-
nin-related ¢cDNA’s by using a highly
specific hybridization-selection proce-
dure (/8) based on the property of a
cDNA containing a coding sequence for
the calcitonin precursor to hybridize spe-
cifically to the calcitonin mRNA (Fig. 1).
Two of the cloned cDNA’s specifically
selected an mRNA that directed the cell-
free synthesis of the precursor. These
cDNA’s were further characterized by
cleavages with restriction endonucle-
ases. Analyses of the nucleotide se-
quences of the cDNA’s, approximately
350 and 900 base pairs in length, respec-
tively, were determined by the chemical
procedures of Maxam and Gilbert (19)
(Fig. 2).

The nucleotide sequence includes por-
tions of the 3’ and 5’ untranslated regions
of the calcitonin mRNA and the entire
coding region of 136 amino acids of the
calcitonin precursor. The sequence cod-
ing for the 32 amino acids of calcitonin
(boxed residues in Fig. 2) is located near
the carboxyl terminus of the precursor.
The results are in complete agreement
with the structure of the hormone isolat-
ed from the thyroid gland of normal rats
determined by protein sequence analysis
(14). A dipeptide, lysylarginine, pre-
cedes and a tetrapeptide sequence, gly-
cyllysyllysylarginine, follows the calcito-
nin sequence (circled residues in Fig. 2).
The formation of calcitonin from its pre-
cursor appears to involve proteolytic
cleavage at these basic residues by tryp-
sin-like and carboxypeptidase B-like en-
zymes, similar to the cleavages of other
precursors of hormones (20), including
proinsulin (20), proparathyroid hormone
(21), and the large common precursor for
adrenocorticotropic hormone (ACTH),
melanocyte-stimulating hormone (MSH),
and the endorphins (22).

The nucleotide sequence indicates the
presence of a glycine (hexagon-enclosed
residue in Fig. 2) adjacent to the carbox-
yl terminal proline of calcitonin. Recent
investigations of the biosynthesis of me-
littin, a small peptide hormone, suggest
that the enzymatic amidation of carboxyl
terminal amino acids of peptides requires
an adjacent glycine; the glycine appears
to serve as a donor of the amide group
(23). Whether this mechanism is univer-
sal for the generation of all peptides that
bear carboxyl terminal amides is un-
known and must await the structural
analysis of biosynthetic precursors of
other proteins containing carboxyl termi-
nal amides.

The nucleotide sequence predicts not
only the structure of calcitonin, but also
that of cryptic peptides contained within
the precursor of calcitonin. A peptide of
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16 amino acids lies at the carboxyl termi-
nus of the precursor. In the amino termi-
nal direction, we encountered a se-
quence of 84 amino acids: approximately
60 residues comprising a highly acidic
cryptic peptide, preceded by a hydro-
phobic leader (or sighal) sequence (20,
22, 24), and the nucleotide sequence
ATG  corresponding to the methionine
codon AUG that signals the start of
protein synthesis (Fig. 2). Approximate-
ly five bases from the start codon in the
5’ direction was a nucleotide sequence,
AGGGAGG, reminiscent of a Shine-Dal-
garno sequence believed to be necessary
for the binding of the ribosome during
translation (25).

The sequenced ¢cDNA was used as a
probe to explore the number and sizes of
mRNA’s coding for calcitonin-related
protéins in the rat thyroid tumor. Analy-
ses, by agarose-gel electrophoresis and
hybridization with **P-labeled cDNA, of

RNA extracted from the tumor (26) re-
vealed a predominant mRNA of approxi-
mately 1000 nucleotides. Inasmuch as
408 bases of the mRNA code for the
calcitonin precursor, approximately 600
nucleotides of the mRNA must consist of
untranslated 3' and 5’ regions.

From our data, we can postulate the
cellular processes involved in the forma-
tion of calcitonin, 3500 daltons, from its
larger precursor of 15,000 daltons: (i)
cotranslational glycosylation (27) and
cleavage of a leader sequence from the
calcitonin precursor; (ii) trypsin-like
cleavage of procalcitonin; (iii) subse-
quent trimming of basic amino acids
from the carboxyl terminus of the
cleaved products by carboxypeptidase
B-like activity; and, finally, (iv) enzy-
matic conversion of the Pro-Gly (Pro,
proline; Gly, glycine) amino acid se-
quence to the carboxyl terminal prolina-
mide found in the mature form of the

hormone. The carbohydrate attached to
the precursor might be involved in the
determination of the specificity of the
posttranslational cleavages that occur as
the precursor migrates through the se-
cretory pathway of the cell.

The calcitonin precursor may be one
of a class of polypeptide hormone pre-
cursors that includes the common pre-
cursor for ACTH, MSH, and the endor-
phins (22) and the common precursor
that contains the sequences of neurophy-
sin and vasopressin (28). In these in-
starices, two or more biologically active
peptides that are secreted from the cell
are specifically processed from larger,
glycosylated precursors. The peptides
flanking calcitonin within the precursor
might have biological activities as yet
unrecognized and be secreted along with
calcitonin from the C cells of the thyroid.
A preliminary search of peptide se-
quences with known functions did not

START -80
5'-(G)24- TCGCTCACCAGGTGAGCCCTGAGGTTCCTGCTCAGGGAGGCATC ATG |GGC TTT CTG AAG TTC TCC
Met JGly Phe Leu Lys Phe Ser
i =70 ~-60
cCT TTC CTG GTT GTC AGC ATC TTG CTC CTG TAC CAG GCA TGC GGC CTC CAG GCA GTT
Pro Phe Leu Val Val Ser Ile Leu Leu Leu Tyr Gln Ala Cys Gly Leu Gln Ala Val
LEADER SEQUERNCE
-50 -40
CCT TTG AGG TCA ACC TTA GAA AGC AGC CCA GGC ATG GCC ACT CTC AGT GAA GAA GAA
Pro Leu Arg Ser Thr Leu Glu Ser Ser Pro Gly Met Ala Thr Leu Ser Glu Glu Glu
=30
GCT CGC CTA CTG GCT GCA C(CTG GTG CAG AAC TAT ATG CAG ATG AAA GTC AGG GAG (TG
Ala Arg Leu Leu Ala Ala Leu Val Gln Asn Tyr Met Gln Met Lys Val Arg Glu Leu
-20 -10
GAG CAG GAG GAG GAA CAG GAG GCT GAG GGC TCT AGC TTG CGAC AGC CCC AGA TCT
Glu Gln Glu Glu Glu Gln Glu Ala Glu Gly Ser Ser Leu Asp Ser Pro Arg Ser
10
GGG AAT CTG AGT ACC TGC ATG CTG GGC ACG TAC ACA CAA GAC CTC AAC AAG
Gly Asn Leu Ser Thr Cys Met. Leu Gly Thr Tyr Thr Gln Asp Leu. Asn Lys
ALCITONTIHR
v 20 30
TTT CAC ACC TTC CCC CAA ACT TCA ATT GGG GTT GGA GCA CCT LéGC GAT
Phe His Thr Phe Pro Gln Thr Ser Ile Gly Val Gly Ala Pro (Gly Asp
: 40 50 ”
ATG GCC AAG CGAC TTG GAG ACA BAAC CAC CAC CCC TAT TTT GGC AAC TAG GTCCCTCCTCT
Met Ala Lys Asp Leu Glu Thr Asn His His Pro Tyr Phe Gly Asn |STOP

CCTTTCCAGTTTCCATCTTGCTTTCTTCCTATAACTTGATGCATGTAGTTCCTCTCTGGCTGTTCTCTGGCTATTAT ~— (C)l4 - 3

Fig. 2. Nucleotide sequence of cloned rat calcitonin ¢cDNA. Single end-labeled DNA fragments, generated by cleavages with restriction
endonucleases, were isolated by electrophoresis on polyacrylamide gels and both sense and norisense strands weré sequenced by use of base-
specific, limited chemical cleavages (19). The sequence shown consists of 545 nucleotides of the largest cDNA, consisting of approximately 900
nucleotides. The deduced amino acid sequence of the precursor begins with methionine at position —84 and ends with asparagine at position 52.
The calcitonin sequence begins at residue 1 (cysteine) and continues to residue 32 (proline). The basic amino_acids flanking calcitonin are
encloséd in ovals. The glycine residue at position 33 is presumed to be required for the enzymatic amidation of proline at residue 32. The initiation
codon (ATG, Met) and the termination codon (TAG, stop), are enclosed in the boxes.
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reveal any significant homologies be-
tween these cryptic peptides and pep-
tides of known structure (29). Alterna-
tively, these peptides may serve struc-
tural roles, important for the proper fold-
ing of the precursor into a conformation
that allows its accurate proteolytic pro-
cessing by tissue-specific proteases dur-
ing the formation of calcitonin, or they
may serve simply as inert protein spac-
ers without specific biological activities.
These cellular cleavages of the calcitonin
precursor may differ in different tissues,
such as the thyroid and brain, compara-
ble with the processing of the common
precursor of ACTH, MSH, and the en-
dorphins (30), in which the cleavage in
the anterior and in the intermediate lobe
of the pituitary is different. The knowl-
edge that the precursor is glycosylated
(29) and contains peptide sequences at-
tached to calcitonin raises the possibility
that forms of the hormone detected in
the circulation, with apparent molecular
weights larger than calcitonin, may re-
sult from incomplete processing of the
precursor prior to secretion in vivo (31).
The chemical synthesis of the peptide
extensions of the calcitonin precursor
should be useful for several purposes,
including the preparation of radioimmu-
noassays that can be used for the detec-
tion of the precursor-specific peptides
during intracellular processing and for
analyses of the immunochemical compo-
sition of the multiple circulating forms of
calcitonin.
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Species-Typical Behavior of Hamsters

Deprived from Birth of the Neocortex

Abstract. Hamsters deprived from birth of the neocortex developed normally and
displayed the usual hamster-typical behavioral patterns. With the additional concur-
rent destruction of midline limbic convolutions (cingulate and underlying dorsal
hippocampal), there were deficits in maternal behavior and a lack of development of
play behavior. These findings demonstrate in a rodent (i) that the striatal complex
and limbic system, along with the remaining neuraxis, are sufficient for giving
expression to a wide range of unlearned forms of species-typical behavior and (ii)
that midline limbic structures are required for the expression of play behavior and
the integrated performance of maternal behavior.

The purpose of this study was to test
the hypothesis that in rodents the two
older evolutionary formations of the
forebrain [the striatal complex and the
limbic system (7, 2)] are sufficient, along
with the remaining nervous system, for
the expression of most forms of species-
typical behavior. Respective parts of the
mammalian striatal complex and limbic
system reflect an ancestral relationship
to reptiles and early mammals (3). We
found that hamsters deprived from birth
of the neocortex grew normally and dis-
played the usual hamster-typical behav-
ioral patterns seen under laboratory con-
ditions (4). The findings are at variance
with the popular view that in mammals
generally the neocortex is required for
fully integrated, directed behavior.
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The subjects were Syrian golden ham-
sters (Mesocricetus auratus) descended
from wild hamsters captured in 1971 (5).
The neocortex was eliminated by heat
applied to the skull or by aspiration
(under cryoanesthesia) on the first or
second day after birth. Littermates used
as controls received similar treatment,
but without the destruction of brain tis-
sue (Fig. 1A). After surgery the pups
were returned to the dam. The day-to-
day behavioral development was record-
ed on a checklist derived from an exten-
sive ethogram (6). Time-lapse television
was used for 24-hour observations of
animals living in special habitats. Quanti-
tative measures of mating and certain
other behaviors were obtained by the use
of a computer-assisted event recorder.
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