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ABSTRACT In the pars intermedia of rat pituitary glands,
two forms of a common precursor for corticotropin (ACTH) and
fl-lipotropin with apparent molecular weights of 34,000 and
36,000 were resolved by sodium dodecyI sulfate/acrylamide
gradient slab gel electrophoresis. Hi -prformance liquid
chromatographic analysis of [asS~methionine-labeled tryptic
fragments of the two forms of the precursor revealed that both
contained copies of ACTH-1-8) and fl-lipotropin4(61-69) se-
quences. When biosynthetic studies were performed in the
presence of tunicamycin, the 34,000- and 36,000-dalton forms
were replaced by a peptide with an apparent molecular weight
of 32,000. It was therefore concluded that the 34,000- and
36,000-dalton forms of the precursor represent two glycoprotein
variants of similar polypeptides, differing in the number of as-
paragine-linked carbohydrate moieties. During pulse-chase
incubations with [-35Smethionine, the precursor forms were
cleaved into two major groups of labeled products: (i) ,-endor-
phin and (ii) a mixture of ACTH fragments closely related to
a-melanotropin. No ACTH-(1-39) was found at the end of a 2-hr
chase period, suggesting that ACTH is not a significant hormone
product of the rat pars intermedia.

The pituitary hormones f3-lipotropin (13-LPH) and corticotropin
(ACTH) belong to a family of peptides derived from a common
precursor hormone in At-20 tumors (1-3) and in the rat pars
intermedia (4). The complete amino acid sequence for this
protein in beef has recently been established (5). Depending
on the precise cleavage pattern, this precursor molecule may
serve as a source of different groups of peptides with different
biological functions. There is now substantial evidence to
suggest that the maturation of the precursor hormone in the pars
distalis of the pituitary differs from that in the pars intermedia.
(6-9). Similarly, it has been proposed that qualitative changes
in the expression of the peptide "family tree" may occur during
fetal development and could thus be responsible for the alter-
ation in fetal adrenal function that precedes birth (10).

Extensive studies on the biosynthetic pathway of ACTH and
(3-endorphin have been performed with a mouse pituitary
tumor cell line (6). This model has been claimed to provide a
fairly accurate picture of the processing events occurring in
normal corticotropic cells of the pars distalis (6). However, little
is known about the exact mechanism prevailing in the pars in-
termedia. Previous studies on rat pars intermedia cells have
shown that in this tissue ,B-endorphin is the major opioid peptide
resulting from the maturation of a 30,000-dalton precursor
containing antigenic determinants for both f3-LPH and ACTH
(4). In this process f3-LPH appears to be an obligatory short-
lived intermediate. We now report that the same maturation
process of the precursor yields another major end product which
has been identified as a-melanotropin (a-MSH).

MATERIALS AND METHODS
Incorporation of Labeled Amino Acids into Rat Pars In-

termedia Cells. Isolated pars intermedia cells from male
Sprague-Dawley rats were prepared as described (4). Cells were
incubated in Krebs-Ringer buffer containing 25 mM sodium
bicarbonate, 2 g of glucose per liter, and 1 g of bovine serum
albumin (Sigma, fraction V) per liter. For pulse-labeling studies
the medium was supplemented with either [3H]phenylalanine
(110 Ci/mmol, 0.5 mCi/ml; 1 Ci = 3.7 X 1010 becquerels),
[3H]leucine (120 Ci/mmol; 0.5 mCi/ml), or [35S]methionine
(636 Ci/mmol; 12.5 mCi/ml). All the radioactive amino acids
were from New England Nuclear. For chase incubations, the
incubation medium containing the radioactive amino acid was
replaced by buffer supplemented with the corresponding un-
labeled amino acid (2 mM final concentration).

In some experiments, whole neurointermediate lobes (pars
nervosa and pars intermedia) were incubated directly in the
wells of a microtest plate (NUNC Laboratories) containing 50
,ul of incubation medium.

Polyacrylamide Gel Electrophoresis of Radiolabeled
Proteins. After incubation the isolated cells were collected by
centrifugation and washed, and the proteins were extracted in
5 M acetic acid containing bovine serum albumin and protease
inhibitors as described (4). The desalted extracts were analyzed
by sodium dodecyl sulfate (NaDodSO4) disc gel electrophoresis
(4). For slab gel electrophoresis, the 5 M acetic acid cell extract
prepared without added bovine serum albumin was lyophylized
to dryness and resuspended in 25 ,ul of 0.0625 M Tris-HCI, pH
6.8/2% NaDodSO4/5% 2-mercaptoethanol (11) containing 2
mmol of the same unlabeled amino acid per liter as the radio-
active one used during the incubation. The samples were boiled
for 2 min just prior to electrophoresis. In the experiments in
which whole neurointermediate lobes were used, the tissue
pieces were washed with cold saline at the end of the incubation
and immediately boiled for 2 min in 25 ,ul of the electrophoresis
sample buffer containing the appropriate unlabeled amino acid
(2 mM) and phenylmethylsulfonyl fluoride (Sigma) (2 mM) to
inhibit protease activity.
The radioactive proteins were resolved by slab gel electro-

phoresis on a 10-30% acrylamide gradient prepared in the
discontinuous buffer system of Laemmli (11). [35S]Methio-
nine-labeled proteins were detected by autoradiography of the
slab gels. For tritiated peptides fluorography of the gels was
performed according to Bonner and Laskey (12) with pre-
exposed Kodak x-ray films (13).

Peptide Mapping of Tryptic Digests. The radioactive
prqtein bands separated by disc or slab gel electrophoresis were
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FIG. 1. NaDodSO4 disc gel electrophoresis of [3H]leucine-labeled
peptides synthesized by rat intermediate lobe cells during a 20-min
incubation. The position of the bromophenol blue tracking dye is
marked (arrows). The conditions of electrophoresis are the same as
described (4) except for the length of the gels (10 cm) and the thick-
ness of the slices (1 mm). (Left) Total extracted peptides obtained
directly after desalting on Sephadex G-25. (Right) Immunoprecipi-
tates of extracted peptides with ACTH antiserum according to ref.
4. 0, No ACTH added; 0, excess purified ACTH added before im-
munoprecipitation.

cut out of the gels and washed extensively in 25% isopropanol
and then in 10% methanol to remove NaDodSO4. The gel pieces
were then dried by lyophilization and 0.5-1 ml of 0.1 M
NH4HCO3 (pH 8.0), containing 50 ,ug of bovine serum albumin
and 5 ,ug of diphenylcarbamyl chloride-treated trypsin (Sigma),
was added. Tryptic digestion was performed at 370C for 16 hr.
The solution was removed and lyophylized. Recovery of the
radioactivity from the gels was always better than 90%. Tryptic
fragments eluted from the gels were oxidized by performic acid
for 2.5 hr at -5C as described by Hirs (14).

For two-dimensional peptide mapping the peptides were
spotted on a cellulose thin-layer plate together with 10 Mg of
,B-LPH-(61-69) (generous gift from R. Guillemin) and a tryptic
digest of 50 jg of ACTH-(1-10) (Ciba-Geigy). These standard
peptides had also been oxidized by performic acid. The samples
were subjected to electrophoresis in the first dimension for 1.5
hr at 1000 V in formic acid/acetic acid/water (2:8:90) at 40C.
Chromatography in the second dimension was performed in
the organic phase of butanol/acetic acid/water (20:50:25).

Small peptides from chase incubations or tryptic fragments
of labeled proteins were also extracted from the gel slices as

67 -- _

43--- 36

30- oW 34

FIG. 2. NaDodSO4 slab gel electrophoretic analysis of [3H]phe-
nylalanine-labeled peptides synthesized by rat intermediate lobe cells
during a 20-min incubation. The positions of marker proteins are
shown on the left-hand scale in daltons X 10-3: albumin (67); oval-
bumin (43); carbonic anhydrase (30). The molecular weight of the two
radioactive bands detected by fluorography has been calculated by
comparing their mobilities with those of the standard proteins.

described above and analyzed by high-performance liquid
chromatography (HPLC). The recovery of radioactive material
from HPLC columns was always better than 80%.

RESULTS
Identification and Partial Characterization of Two Pre-

cursors for ACTH and ft-LPH in the Rat Pars Intermedia.
When dispersed rat intermediate lobe cells were incubated for
20 min with [3H]leucine, two major labeled peptides were re-
solved by disc gel electrophoresis (Fig. 1 left). They had ap-
parent molecular weights of 30,000 and 32,000. These two
peptides could be specifically immunoprecipitated with anti-
sera against either ACTH (Fig. 1 right) or f3-MSH (data not
shown). When proteins extracted from intermediate lobe cells
pulsed for 20 min with [3H]phenylalanine were analyzed by
NaDodSO4 slab gel electrophoresis on a 10-30% acrylamide
gradient, the labeled peptides were clearly resolved into two
major species of 34,000 and 36,000 daltons (Fig. 2). *

Tryptic fragments from a pool of the 30,000- and 32,000-
dalton proteins labeled with [a5S]methionine and purified by
disc gel electrophoresis were analyzed by mapping on a cellu-
lose thin-layer plate. Autoradiography of the plate revealed two
major spots (Fig. 3). One comigrated with standard ACTH-
(1-8), which is the only methionine-containing tryptic peptide
of ACTH. The other spot comigrated with tryptic fragment
61-69 of f3-LPH, which contains a methionine residue in po-
sition 65 (15). In the rat, the f3-MSH sequence does not contain
any methionine (15). Therefore, sequence 61-69 is the only
tryptic fragment of f3-LPH expected to be labeled with [15S]-
methionine.
The 34,000- and 36,000-dalton precursor forms, labeled with

[3sS]methionine, were resolved by slab gel electrophoresis, the

* These molecular weight values are given for identification purposes
only. Accurate molecular weights of glycoproteins cannot be obtained
by NaDodSO4/polyacrylamide gel electrophoresis. Moreover, the
apparent molecular weights computed vary with the electrophoresis
procedure used.
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FIG. 3. Two-dimensional tryptic mapping of a pool of 30,000- and
32,000-dalton precursors labeled with methionine that were synthe-
sized during a 20-min incubation and purified by NaDodSO4 disc gel
electrophoresis. The radioactive peptides (35,000 cpm) were mixed
with 10 ,g of f3-LPH-(61-69) and 75,ug of a tryptic digest ofACTH-
(1-10) and oxidized with performic acid just prior to mapping on the
thin-layer cellulose plate. Standard peptides (circled spots) were
developed with a cadmium ninhydrin reagent and radioactive pep-
tides were visualized by autoradiography after a 2-week exposure.
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FIG. 4. HPLC elution profile of oxidized tryptic fragments gen-
erated from [l5S]methionine-labeled precursor forms. The two forms
of the precursor [36,000 daltons (Upper) and 34,000 daltons (Lower)]
had been separated by NaDodSO4 slab gel electrophoresis. The ra-

dioactive peptides were analyzed together with 10 ,ug of synthetic
13-LPH-(61-69) and 10 jg of synthetic ACTH(1-8). The synthetic
peptides had also been oxidized prior to HPLC analysis.

bands were digested with trypsin, and the tryptic fragments
were analyzed separately by HPLC. This procedure revealed
that tryptic digests of both precursor forms contained the two
tryptic fragments ACTH-(1-8) and ,B-LPH-(61-69) (Fig. 4).
The common precursor for ACTH and f,-LPH exists in at

least three different glycoprotein forms in AtT-20 cells (16).
Analysis of labeled tryptic peptides suggested that the peptide
backbone is similar in all forms of the precursor, and the dif-
ferences in apparent molecular weights are likely to be due to
different amounts of carbohydrate.
To test this hypothesis for the precursors from the pars in-

termedia, we preincubated the cells for 6 hr in a medium
containing tunicamycin (5 gg/ml) (generous gift from G.
Tamura, University of Tokyo) before adding the radioactive
amino acid. Tunicamycin inhibits glycosylation of asparagine
residues in glycoproteins (17). Fig. 5 shows that the apparent
molecular weight of the most abundant form of the precursor
extracted after a 20-min pulse performed on tunicamycin-
treated cells was 32,000.
A peptide with the same apparent molecular weight could

also be generated by digestion of a pool of the 34,000- and
36,000-dalton forms with endoglycosidase H, an enzyme that
hydrolyzes high-mannose carbohydrate side chains from as-

paragine residues in glycoproteins (data not shown). Peptide
mapping of the 32,000-dalton peptide synthesized in the
presence of tunicamycin showed that this protein also contains
the tryptic segments ACTH-(1-8) and ,B-LPH-(61-69) (data
not shown). The 32,000-dalton peptide is thus likely to represent
a form of the precursor free of its asparagine-linked carbohy-
drate side chains.

Pulse-Chase Studies. When whole neurointermediate lobes
of rat pituitary glands were pulse-incubated with [asS]methi-
onine for 20 min and then chased for 2 hr in a medium in which
[a5S]methionine had been replaced by 2 mM unlabeled me-

thionine, maturation of the 34,000- and 36,000-dalton proteins
into smaller peptides was observed (Fig. 6). These fragments
were resolved on NaDodSO4 slab gels into four fractions. Peaks

FIG. 5. Densitometric tracings of autoradiograms obtained after
NaDodSO4 slab gel analysis of two preparations of 35S-labeled pep-
tides extracted from pars intermedia cells after a 20-min pulse or after
a 20-min pulse performed on tunicamycin (5 jg/ml)-treated cells.
Numbers are molecular weights X 10-3.

I and II had molecular weights in the range of 16,000-20,000.
Peak III comigrated with 13-endorphin. The molecular weight
of material in peak IV was still lower, but could not be deter-
mined by the slab gel electrophoresis method because it mi-
grated with a mobility corresponding to the nonlinear region
of the calibration curve. The gel could not be calibrated with
molecules smaller than f3-endorphin (e.g., f3-MSH or a-MSH)
because these peptides stain poorly with Coomassie blue and
also because they exhibit very broad and poorly defined bands
on the slab gels after iodination.

Identification of ,&Endorphin. When the [a5S]methio-
nine-labeled peptides corresponding to peak III were digested
with trypsin and the tryptic fragments were analyzed by
HPLC, a major peak comigrating with f3-LPH-(61-69) was

detected (Fig. 7). Moreover, when this labeled peptide was
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FIG. 6. Densitometric tracings of autoradiograms obtained after
NaDodSO4 slab gel electrophoresis of neurointermediate lobe ex-

tracts. (Upper curve) Sample was prepared after a 20-min pulse in
50,ul of buffer containing 250 ,uCi of f35S]methionine. (Lower curve)
Sample was pulsed for 20 min in the radioactive medium before a 2-hr
chase in the presence of unlabeled methionine (2 mM final concen-
tration). The positions (Mr X 10-3) of the standard proteins (Phar-
macia) used as molecular weight markers are indicated as well as the
position of several standard ovine hormones (prepared in our labo-
ratory).
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FIG. 7. Peptides migrating under peak III in the electrophoresis
depicted in Fig. 6 were digested with trypsin and analyzed by HPLC.
Standard synthetic ACTH-(1-8) and f3-LPH-(61-69) served as
markers.

eluted from the gel without trypsin digestion and the sequence
was determined (ref. 15; unpublished results), radioactivity was
found in the fifth position only, as expected for the amino acid
sequence of f3-endorphin (data not shown).

Identification of a-MSH. When the labeled peptides cor-

responding to the peak IV region on slab gels were eluted from
the gel and analyzed directly on HPLC, three peaks were re-

solved (Fig. 8). One of these comigrated with standard synthetic
a-MSH and therefore probably represents authentic a-MSH.
When the peptides eluted from peak IV were digested with
trypsin for 2 hr at 370C, the HPLC elution profile showed a

major peak of radioactive material coeluting with the acetylated
form of ACTH-(1-8) and a minor peak coeluting with the
unacetylated form of ACTH-(1-8) (Fig. 9). These findings in-
dicate that the 35S-labeled peptides migrating under peak IV
during slab gel electrophoresis are small molecular weight in-
termediates related to a-MSH (9).

DISCUSSION
The data presented in this study show that in rat pars intermedia
cells the common precursor to ACTH/(3-LPH exists in two high
molecular weight forms and that maturation of these forms
involves concomitant release of f3-endorphin and a-MSH. This
is an additional reason why we gave the name of pro-opiome-
lanocortin to this precursor (18).

Analysis of the 34,000- and 36,000-dalton precursor forms
observed in this study reveals that each contains within its se-

quence the antigenic determinants and tryptic cleavage frag-
ments characteristic of both ACTH and f3-LPH. The results of
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FIG. 8. Peptides migrating under peak IV (Fig. 6) were eluted
from the gel and analyzed directly by HPLC. Standard a-MSH
(generous gift from C. H. Li) was cochromatographed to serve as a

marker.

Fraction

FIG. 9. HPLC analysis of the peptides eluted from peak IV and
subsequently digested with trypsin in the presence of 100 ,ug of syn-
thetic a-MSH. Digestion was for 2 hr at 370C with an enzyme-to-
substrate ratio of 1:100. Identification of N-acetyl ACTH-(1-8) was
made after amino acid analysis of carrier a-MSH tryptic frag-
ments.

experiments with tunicamycin suggest that these two forms
differ mainly in the extent of glycosylation of asparagine resi-
dues.

As indicated by the results of pulse-chase experiments, the
two precursor forms differ in metabolic stability. After a 2-hr
chase period, substantial amounts of the larger precursor ini-
tially present remained intact, whereas the smaller form had
completely disappeared. Interestingly, Loh and Gainer (19) also
observed a faster degradation rate for the same precursor syn-
thesized in the presence of tunicamycin. These observations
suggest that critically positioned carbohydrate moities may
protect the precursor from proteolytic enzymes.

Chase incubations also released peptides with apparent
molecular weights of 16,000-20,000, but further analysis did
not provide definitive answers on their-nature. It is not known
whether these peptides represent the end-products of the
maturation process or simply transient metabolic intermediates.
ACTH-(1-39) production was not observed in these studies and
therefore is probably not a significant hormone product in rat
pars intermedia. Perhaps it represents a short-lived intermediate
in the maturation of the precursor to a-MSH, as proposed by
Lowry et al. (9).
Two other major end products of the maturation process of

the precursor have been characterized in our laboratory (un-
published results). They have apparent molecular weights of
19,000 and 17,000 in the slab gel system and correspond to
glycoprotein variants of the NH2-terminal fragment of the
precursor.
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