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Steps Involved in the Processing of Common Precursor Forms of
Adrenocorticotropin and Endorphin in Cultures of

Mouse Pituitary Cellsf

James L. Roberts,! Marjorie Phillips, Patricia A. Rosa, and Edward Herbert*

ABSTRACT: The initial steps in the processing of the common
precursor to adrenocorticotropin (ACTH) and endorphin in
mouse pituitary tumor cells (AtT-20) have been investigated.
Three forms of the precursor have been resolved by sodium
dodecyl sulfate (NaDodSO,)-polyacrylamide gel electro-
phoresis with apparent molecular weights of 29 000 (29K
ACTH-endorphin), 32000 (32K ACTH-endorphin) and
34 000 (34K ACTH-endorphin). These forms have a similar
peptide backbone, but their carbohydrate content differs. In
particular, a tryptic glycopeptide has been observed in 32K
ACTH-endorphin which is not present in 29K ACTH-en-
dorphin and has been identified as the tryptic peptide con-
taining the a(22-39) sequence of ACTH. Similar hetero-
geneity in carbohydrate has been observed in some of the
smaller molecular weight forms of ACTH which are resolved
by NaDodSO, gel electrophoresis. Pulse chase and continuous
labeling studies using radioactive amino acids and sugars
suggest that the 29K ACTH-endorphin is converted to 32K

The pituitary hormone, adrenocorticotropin (ACTH),! and
the opiate peptide, 8-endorphin [3-(61-91)LPH], have recently
been shown to be synthesized as part of a much larger pre-

and 34K ACTH-endorphin by the addition of carbohydrate.
The glycopeptide and pulse chase studies suggest that 29K
ACTH-endorphin is at a branch point in the processing
pathways. It can either be converted to 4.5K ACTH by pro-
teolytic processing or to 32K ACTH-endorphin by the further
addition of carbohydrate. The 32K ACTH-endorphin can then
be converted to 13K ACTH, the glycosylated form of 4.5K
ACTH (Eipper, B. A., & Mains, R. E. (1977) J. Biol. Chem.
252, 882), by proteolytic processing. A comparison of the
distribution of the different molecular weight forms of ACTH
and endorphin in mouse pituitary extracts and in the mouse
pituitary tumor cells reveals that the pituitary contains all of
the forms of ACTH and endorphin seen in the tumor cells,
including the three forms of the ACTH-endorphin precursor.
However, the molecular weight distribution of the forms in the
anterior lobe is very different from that in the intermediate lobe
of mouse pituitary.

cursor molecule in a mouse pituitary tumor cell line (AtT-
20Dy line) (Mains et al., 1977; Roberts & Herbert, 1977a,b)
and in beef pituitary (Nakanishi, et al., 1977). When mRNA
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! Abbreviations used: ACTH, adrenocorticotropin; 8-LPH, 8-lipotropin;
NaDodSO,, sodium dodecyl sulfate; Dulbecco-Vogt MEM, Dulbecco-
Vogt minimal essential medium; SAC, Staphylococcus aureus Cowan
I; YADH, yeast alcohol dehydrogenase; BSA, bovine serum albumin;
PhCH,SO,F, phenylmethanesulfonyl fluoride; IAA, iodoacetamide;
Tos-PheCH,Cl, tosylphenylalanyl chloromethyl ketone; dansyl, 5-di-
methylaminonaphthalene-1-sulfonyl; Hepes, /V-2-hydroxyethylpiperaz-
ine-V’-2-ethanesulfonic acid; DNP, 2,4-dinitrophenyl; MSH, melanocyte
stimulating hormone; Bis, V,/V-methylenebis(acrylamide); RIA-ACTH,
ACTH activity by radioimmunoassay expressed as ng of purified porcine
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ACTH with equivalent activity. The forms of ACTH and endorphin are
designated by their apparent molecular weights as determined by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. The precursor forms
that contain both ACTH and endorphin are: 28.5 ACTH-endorphin, the
product synthesized in the cell-free system and 29K, 32K, and 34K
ACTH-endorphin, the glycosylated forms of the precursor synthesized
in the tumor cells. Other forms of ACTH or endorphin are designated:
21K, 23K, and 26K ACTH for the intermediate forms of ACTH; 13K and
4.5K ACTH for the end products of processing of ACTH as seen in tissue
culture medium; 12-15K ACTH for the pool of glycosylated ACTH end
products seen in intact tumor cells; 11.5K endorphin for the 3-LPH-like
molecule and 3.5K endorphin for the 8-endorphin-like molecule. These
molecular weight designations are for identification purposes only, since
it is well known that accurate molecular weights of glycoproteins cannot
be otained by this method (Segrest & Jackson, 1972).
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from AtT-20 cells is translated in a reticulocyte cell-free pro-
tein synthesizing system, a single form of the precursor is
synthesized with an apparent molecular weight of 28 500
(Roberts & Herbert, 1977a,b). When AtT-20 cells are labeled
with radioactive amino acids, three radioactive forms of the
ACTH-endorphin precursor are resolved by NaDodSOy-
polyacrylamide gel electrophoresis with apparent molecular
weights of 29 000, 32 000, and 34 000 (Roberts & Herbert,
1977a). Smaller polypeptides possessing either the ACTH or
the endorphin determinant, but not both, are also resolved by
NaDodSO, gel electrophoresis (Mains et al.,, 1977). The
smaller size classes of ACTH have apparent molecular weights
of 20 000-26 000 (20-26K ACTH), 12 000-15 000 (12-15K
ACTH), and 4500 (4.5K ACTH) (Mains & Eipper, 1976;
Herbert et al., 1978a). Pulse-labeling studies with radioactive
amino acids suggest that 13K ACTH (12-15K ACTH) and
45K ACTH are both end products of processing pathways in
tumor cells and that 23K ACTH (20-26K ACTH) is an in-
termediate in the pathway (Mains & Eipper, 1976). All of the
forms of ACTH are glycosylated except 4.5K ACTH (Eipper
et al., 1976; Herbert et al., 1978a). The smaller forms of en-
dorphin resolved by NaDodSOy gel electrophoresis have mo-
lecular weights approximately the size of 3-LPH (11 500
daltons, designated 11.5K endorphin) and S-endorphin (3500
daltons, designated 3.5K endorphin).

It has recently been shown that 13K ACTH is a glycosylated
form of 4 5K ACTH (Eipper & Mains, 1977). The 13K and
4.5K forms of ACTH are both end products of processing. The
discovery of three forms of the precursor suggested that sep-
arate processing pathways for 13K and 4.5K ACTH might
originate with different forms of the ACTH-endorphin pre-
cursor. Thus, in an attempt to understand how the precursor
is converted to the different forms of ACTH and endorphin,
we have studied the initial steps involved in the biosynthesis
and processing of the precursor in the AtT-20-Dyg, cells.

The AtT-20-Dgy cell line is used in these studies as a model
system for investigating ACTH and endorphin synthesis and
processing in the pituitary. It is important, therefore, to de-
termine if the forms of ACTH and endorphin observed in the
tumor cells are also present in the pituitary. ACTH and en-
dorphin are found in both the anterior and intermediate lobes
of mouse and rat pituitary. Hence, a study of the distribution
of the molecular weight forms of ACTH and endorphin was
undertaken in both anterior and intermediate lobes of mouse
pituitary in order to answer this question.

Materials and Methods

Incubation of AtT-20 Cells with Radioactive Amino Acids
and Sugars. AtT-20-D, cells were grown in Falcon Microtest
Wells with Dulbecco-Vogt minimal essential medium (Dul-
becco-Vogt MEM) supplemented with 10% horse serum. For
labeling of cultures with radioactive amino acids, Ham’s F-10
medium, which has a lower concentration of amino acids, was
used instead of Dulbecco-Vogt MEM in order to increase the
specific radioactivity of the labeled amino acids. Cells cultured
in this medium have a similar growth rate and ACTH content
to cells grown in Dulbecco-Vogt MEM (Herbert et al., 1978b).
Cells were fed with Ham’s F-10 medium containing horse
serum 1-2 h prior to labeling and then incubated with radio-
active amino acids in 50 uL of the same medium. The same
procedure was used for labeling cells with radioactive sugars
except that cells were fed before labeling with Dulbecco-Vogt
MEM containing 10% horse serum and incubated with ra-
dioactive sugars in 50 uL of a low glucose Dulbecco-Vogt
MEM (Eipper et al., 1976). Cells were extracted with 5 N
acetic acid and 5 mg/mL BSA supplemented with freshly
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prepared PhCH,SO,F and IAA (1 mM each) to inhibit pro-
teolytic activity. The extract was frozen and thawed three times
on dry ice to solubilize the cellular protein, incubated at 4 °C
overnight, centrifuged to remove insoluble material, and ly-
ophilized. Secreted forms of ACTH were obtained by labeling
cells as previously described. Cells were rinsed one time with
serum-free medium and then incubated in serum-free medium
in order to avoid degradation by the serum of the secreted
proteins. The medium was harvested and PhCH»SO,F and
IAA were added. The medium was centrifuged to remove any
contaminating cell debris and immurnoprecipitated.

The cell-free 28.5 ACTH-endorphin precursor was prepared
as described previously (Roberts & Herbert, 1977a).

Immunoprecipitations. Immunoprecipitations were per-
formed by either of two different methods. A double antibody
immunoprecipitation scheme was used with the ACTH anti-
serum (Mains & Eipper, 1976; Roberts & Herbert, 1977a).
Alternatively, an S. aureus Cowan I (SAC) precipitation was
used for all immunoprecipitations done with the endorphin
antiserum and for some of the immunoprecipitations done with
the ACTH antiserum (Kessler, 1975; Martial et al., 1977). In
this case, samples were dissolved in 10 mM NaH,POy4, 1| mM
Na,EDTA, 1% Triton X-100, pH 7.6, incubated for 10 min
at 4 °C with SAC and then centrifuged to remove the SAC.
The supernatants were then incubated for 12-16 hat 4 °C with
either antiserum Bertha which is specific for the a(11-24)
sequence of ACTH (Mains & Eipper, 1976) or with RB-100
antiserum (Guillemin et al., 1977). The specific antibody-
antigen complex was precipitated by addition of SAC.

Two approaches were used to demonstrate that all of the
ACTH or endorphin proteins were precipitated by the antisera:
(1) a second aliquot of antiserum was added to the supernatant
remaining after the first immunoprecipitation; no further
ACTH or endorphin was precipitated; (2) radioimmunoassay
of the supernatants showed that less than 2% of the initial
ACTH or endorphin immunoactivity was present after im-
munoprecipitation.

Specificity of the antisera was demonstrated by showing that
excess ap(1-39)-ACTH inhibited binding of labeled proteins
to the ACTH antiserum but not to the endorphin antiserum
and that excess $-endorphin inhibited binding of the labeled
proteins to the endorphin antiserum but not to the ACTH
antiserum (Roberts & Herbert, 1977b).

NaDodS Oy Polyacrylamide Gel Electrophoresis. Bio-Rad
12% acrylamide-NaDodSO, gels (Tris-acetate, pH 6.5) were
used to separate the various molecular weight forms of ACTH
or endorphin in the immunoprecipitated cell extracts (Roberts
& Herbert, 1977a,b). Molecular weights of ACTH or endor-
phin proteins were determined relative to YADH using oval-
bumin, YADH, carbonic anhydrase, chymotrypsinogen A,
ribonuclease A, and cytochrome ¢ as molecular weight stan-
dards. Gels were eluted in two ways. For tritium or 3§
counting of the eluates of the gel slices, elution was done with
300 uL of 5 mM NaHCOs, 0.5 M urea, 0.1% NaDodSO4 at
37 °C on a shaker for 12-16 h. When recovery of the labeled
protein was necessary, the slices were incubated with 300 uL
of 50 mM Tris, pH 7.6, 0.1% NaDodSOy, 0.1% Triton X-100
at 37 °C on a shaker for 12-16 h. An aliquot of the eluate was
counted to locate the radioactivity. Only the peak fractions of
each ACTH-endorphin form were used to avoid cross con-
tamination of the different proteins. These fractions were
pooled, 100 ug of carrier BSA was added, and the protein was
precipitated with Cl3CCOOH as previously described (Roberts
& Herbert, 1977a). Recovery of the protein was generally 80%.
These precipitates were then used for tryptic peptide analy-
sis.
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Tryptic Peptide Analysis. The CI3CCOOH precipitates
were dissolved in 100 L of 0.1 M NH4HCOs (titrated with
NH4OH to pH 8.5), the protein was digested with Tos-
PheCH,Cl-treated trypsin at room temperature (on a shaker)
for 16 hours, and the tryptic peptides were analyzed by paper
electrophoresis at pH 6.5 as previously described (Roberts &
Herbert, 1977a).

Analysis by Radioimmunoassay of Forms of ACTH and
Endorphin in the Mouse Pituitaries and AtT-20-Dqg, Cells.
AtT-20-Djgy cells were extracted with 5 N acetic acid, 1 mM
PhCH,SO;F and 1 mM IAA. Pituitaries were removed from
adult male mice in Vale’s Hepes buffer (pH 7.38) (Vale et al,,
1972). Anterior lobes were separated from intermediate-
posterior lobes and extracted individually in 500 uL of 5 N
acetic acid. Twenty intermediate-posterior lobes were pooled
and extracted in 500 uL of 5 N acetic acid. Samples were ho-
mogenized 5 min in a siliconized glass homogenizer, heated
2 minat 100 °C, diluted to 2.5 N acetic acid, and centrifuged
20 min at 6000 rpm. [Extraction of pituitaries in cold acetic
acid in the presence of proteolytic inhibitors (PhCH>SO,F and
IAA) did not alter the distribution of the ACTH and endorphin
proteins (data not shown)]. Supernatants were removed, fro-
zen, lyophilized, resuspended in 50 pL of gel sample buffer as
previously described, and applied to 12% polyacrylamide tube
gels (Bio-Rad) or 15% polyacrylamide, 3.5% bis(acrylamide)
tube gels as indicated. Samples were preelectrophoresed 35 min
at4 mA/gel and then run for 3 h at 8 mA/gel. Gels were sliced
in 1-mm sections and each section was eluted for 12 hat 37 °C
with 90 uL per slice of 50 mM Tris, pH 7.6, 0.1% NaDodSQ,,
0.1% Triton X-100. Radioimmunoassays were performed as
described (Allen et al., 1978).

The antibody used in the ACTH radioimmunoassay is
specific for a(4-18)-ACTH and reacts with «-MSH or
a(1-13)-NH,ACTH one-tenth as well on a molar basis as with
a(1-39)-ACTH. There is no cross-reactivity with 3-MSH
(data not shown). The endorphin antibody is specific for
B(78-87)-LPH and reacts equally well with 3-LPH and 8-
endorphin on a molar basis (Guillemin et al., 1977). Since
purified stocks of ACTH-endorphin and intermediate forms
of ACTH are not available, it has not been possible to deter-
mine the molar reactivity of these forms with either anti-
body.

Identification of 3H-Labeled Sugars. [*H]Glucosamine.
One microwell culture of AtT-20 cells was labeled with
[3H]glucosamine (19 Ci/mmol) for 4 h and extracted as de-
scribed previously in Materials and Methods. Protein was
precipitated with 20% Cl3CCOOQH, washed twice with ace-
tone:ether (1:1), and hydrolyzed in 4 N HCl in an evacuated
tube at 100 °C for 6 h (Spiro, 1972). The sample was evapo-
rated to dryness in an evacuated desiccator over solid NaOH,
and dissolved in 0.1 N HCI, and 10 ug of unlabeled glucosa-
mine was added. The sample was analyzed by paper electro-
phoresis at pH 6.5 and by ascending paper chromatography
in isopropyl alcohol:HCL:H,O (68:16.6:18.4) (Brewer et al.,
1974). Glucosamine was visualized with ninhydrin. The paper
was cut into 8-mm strips, eluted with 300 xL of 0.2 N HCI, and
counted. Recovery of 3H as [2H)glucosamine was greater than
90%.

[*H]Mannose. Cells were labeled for 3 h with p-[1-3H]-
mannose (2.1 Ci/mmol) and extracted. Protein was precipi-
tated with Cl3CCOOH and hydrolyzed in 2 N HCl at 100 °C
for 6 h (Spiro, 1977). Ten micrograms of unlabeled mannose
was added and the sample was analyzed by repeated ascending
chromatography in n-butyl acetate:acetic acid:H,O (3:2:1)
(Churms, 1967). Glucosamine, glucose, galactose, and fucose
were well separated by this solvent system. Sugars were visu-
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FIGURE 1: Pulse labeling with [3°S]methionine; analysis of immu-
noprecipitated ACTH proteins by NaDodSO, gel electrophoresis. AtT-20
cell cultures grown in Falcon Microtest wells were incubated with 200 uL
of Ham’s F-10 medium containing 10% horse serum for 1 h before labeling.
One culture well was incubated for 5 min with 100 uCi of L-[35S]-
methionine dissolved in 50 uL. of Ham’s medium plus 10% horse serum
and immediately extracted with acetic acid. The extracts were lyophilized,
immunoprecipitated with antiserum Bertha, and analyzed by NaDodSO,
gel electrophoresis with 12% Biophore gels. Dansyl-YADH was included
as an internal marker for determining relative mobilities of radioactive
proteins. Gels were cut into 1-mm slices. Background has been subtract-
ed.

alized with an aniline phosphate spray (Dawson et al., 1969).
Recovery of 3H label as [*H]mannose was 50%.

[*H]Galactose. D-[1-3H]Galactose-labeled material was
prepared and analyzed in the same way as [3H]mannose-la-
beled material. Recovery of 3H label as [*H]galactose was
75%.

Results

Biosynthetic Relationships of the ACTH-Endorphin
Precursors

The primary translation product of ACTH-endorphin
mRNA isolated from AtT-20 cells has been identified as a
protein with an apparent molecular weight of 28 500 daltons
(28.5K) containing one copy each of a(1-39)-ACTH and 3.5K
B-endorphin (Roberts & Herbert, 1977a,b). However, when
the ACTH-endorphin precursor is isolated from intact cells
and analyzed by NaDodSO, gel electrophoresis, three glyco-
protein forms can be identified with apparent molecular
weights of approximately 29 000 (29K), 32 000 (32K), and
34 000 (34K) daltons (Roberts & Herbert, 1977a). In order
to determine the biosynthetic relationship of these forms of the
precursor in AtT-20 cells, a series of labeling experiments with
radioactive amino acids was performed.

After a 5-min labeling period, greater than 90% of the ra-
dioactivity in ACTH-endorphin is present in the 29K form of
the precursor (Figure 1). The remainder of the label is present
in the 32K form. After longer labeling periods, radioactivity
starts to accumulate in the two larger forms of the precursor
(see Figure 2, 10-min label, O time chase). [n other experiments
(data not shown) the 29K pool saturates with label after 30
min, whereas the 32K and 34K pools continue to accumulate
label for 60 min.

Pulse-chase experiments were then performed to determine
if the 29K form is the precursor of the 32 and 34K forms. The
labeling period (pulse) had to be increased to 10 min in these
experiments to obtain sufficient radioactivity in the precursors
to follow the flow of label accurately in the later chase periods.
Although all three forms of the precursor are labeled after this
period, more than two-thirds of the radioactivity is still in the
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FIGURE 2: Pulse chase with [3*S]methionine; analysis of ACTH and
endorphin immunoprecipitates. Three microwell cultures of AtT-20 cells
containing the same amount of RIA-ACTH were each pulsed for 10 min
with 100 uCi of L-[33S]methionine as described in Figure 1. The cells were
rinsed quickly with 100 uL of medium and then incubated for 0, 10, or 20
min in 200 uL of unlabeled medium. Cells were extracted as described and
aliquots were taken for radioimmunoassay determination of total ACTH
and endorphin activity. Cell extracts were lyophilized, immunoprecipitated
with antiserum specific for either ACTH or endorphin, and then analyzed
by NaDodSO, gel electrophoresis as described in Figure 1. Gels were cut
into 1-mm slices. For analysis of the low molecular weight endorphin-
immunoprecipitated material (mobility greater than Ryapy = 1.4), every
two slices were pooled, eluted together, and counted. Cpm/slice has been
plotted against mobility relative to YADH (Ryapy) and background
subtracted.

29K form (Figure 2). It was determined that incorporation of
[*3S}methionine into Cl;CCOOH-precipitable cpm is linear
within 5 to 8 min after addition of the label. Hence, 10-min
intervals were used for the chase periods. Thus, the experiment
shown in Figure 2 is a 10-min radioactive pulse followed by
chase periods of 0, 10, and 20 min with nonradioactive amino
acids. Both ACTH and endorphin containing proteins were
analyzed by immunoprecipitation and fractionation on Na-
DodSOy gels. The gel profiles in Figure 2 are identical in the
29-34K precursor region (as expected if these proteins contain
both antigenic determinants) but differ in the molecular weight
regions where the proteins contain only one or the other anti-
genic determinant. The quantity of radioactivity in each form
of ACTH or endorphin is summarized in Figure 3 along with
data for a 30-min chase period (not shown in Figure 2). The
label in the 29K form of the precursor chases immediately,
whereas label in the 32K and 34K forms of the precursor
continues to accumulate after a 10-min chase period. After the
10-min chase, approximately 40% of the label lost from the
29K form can be accounted for by the gain in label in the 32K
and 34K forms. Most of the rest of the label lost from the 29K
form can be accounted for by label appearing in lower molec-
ular weight forms of ACTH (Table I). (No radioactive forms
of ACTH appear in the culture medium before 60 min of in-
cubation.) Twenty minutes after the start of the chase, the 32K
form begins to lose label but the 34K form is still accumulating
label. After 30 min, label is being lost from all of the precursor
forms. The results in Table I show that there is good agreement
between the amount of label lost from the 29K form and the
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FIGURE 3: Pulse chase with [33S]methionine; summary of NaDodSO,
gel analysis. The quantity of labeled protein present in each form of ACTH
or endorphin shown in Figure 2 was determined by summing the cpm in
each peak. This was determined for each time period shown in Figure 2
and in addition for a 30-min chase period. The regions of the gel summed
for analysis were as follows: 34K ACTH-endorphin, Ryapy = 0.95-1.08;
32K ACTH-endorphin, Ryapu = 1.09~1.20; 29K ACTH-endorphin,
Ryapu = 1.21-1.33; 20-26K ACTH, Ryapy = 1.34-1.80; 12-15
ACTH, Ryapn = 2.10-2.45; 11.5K endorphin, Ryapy = 2.13-2.50; and
4.5K ACTH, RyapH = 2.58-2.75. Points lying between two peaks were
split in quantity relative to the adjacent peak heights.

TABLE I: Pulse Chase Summary.?

cpm total
cpm in gained label
forms cpmin orlost gained
at0Q formsat during  or lost
time 10-min 10-min from all
form chase chase  chase forms
29K ACTH-endorphin 935 630 -305 -305
34K ACTH-endorphin 100 150 +50
32K ACTH-endorphin 330 390 +60 +220
20-26 ACTH 50 110 +60

11.7K endorphin 20 70 +50

a Total ¢cpms in each form of ACTH and 11.7K endorphin have
been determined from Figure 2 for 0 and 10 min of chase. The forms
have been defined as described in legend for Figure 2.

amount of label accumulating in 32K, 34K forms of ACTH-
endorphin, 20-26K ACTH, and 11.5K endorphin. These data,
together with results of the continuous labeling experiments,
suggest that 29K ACTH-endorphin is a precursor to the 32K
and 34K forms of ACTH-endorphin. This hypothesis will be
elaborated after discussion of the structural properties of the
three precursor forms.

Structural Relationships of the Three Precursor ACTH-
Endorphin Proteins

Peptide Backbones. All three forms of the precursor contain
both the ACTH and endorphin antigenic determinants (Figure
2), suggesting a similarity in their peptide structure. To ex-
amine the structural relationships in more detail, these proteins
were labeled with a variety of different radioactive amino acids
and their tryptic peptides were analyzed by paper electro-
phoresis. The results of such an analysis with [35S]methionine
and [3H]tryptophan labeled material are shown in Figures 4A
and 4B. Clearly, the three different precursor forms have
similar [3H]tryptophan- and [33S]methionine-labeled tryptic
peptides. It also appears that 34K, 32K, and 29K ACTH-
endorphin contain similar [*H]tyrosine (Figures 8C and 8D),
[3H]phenylalanine (Figures 8A and 8B), {*H]lysine, [PH]-
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TABLE 11: Glucosamine/Protein Ratios.?

*H
no. of cpm/
Met mol of
residues ACTH
form of in ACTHor or
ACTH or 3H 35§ endorphin endor-
endorphin cpm cpm forms phin®
34K ACTH-endorphin 107 106 3 3.0
32K ACTH-endorphin 126 115 3 33
29K ACTH-endorphin 69 94 3 2.2
26K ACTH 73 23 2 6.3
21K ACTH 60 38 2 3.2

a Total 3H and 35S ¢pm have been determined from Figure 5 as
follows: 34K ACTH-endorphin, slices 34-36; 32K ACTH-endorphin,
slices 38-40; 29K ACTH-endorphin, slices 43-44; 26K ACTH, slices
47-49; and 21K ACTH, slices 56-57. ¢ These are arbitrary units used
to directly compare amounts of glucosamine in each form. The units
are adjusted for the total amount of each form present (mol of ACTH
or endorphin) by dividing [33S]methionine cpm by the number of
methionine residues in each form.

leucine, [3H]proline, [*H]isoleucine, and [?H]valine (data not
shown) labeled tryptic peptides, except that there is a shift in
the mobility of one acidic peptide. The implications of this
shifted peptide will be discussed later.

Relative Carbohydrate Content of ACTH-Endorphin
Precursors. Since the peptide backbones of the 29K, 32K, and
34K forms appear to be similar and since “31K” ACTH-
endorphin (the 29-34K pool of molecules) has been shown to
contain carbohydrate (Eipper et al., 1976), a possible expla-
nation of the observed differences in molecular weight of the
ACTH-endorphin precursors is that they contain different
amounts of carbohydrate. A test of this hypothesis is to label
cells with both 3H-labeled sugars and [33S]methionine. Since
the number of methionine residues in all the forms of ACTH
is known, the ratio of [3H]/[35S] at steady state labeling can
then be used as an estimate of the relative amount of carbo-
hydrate to moles of protein in each form.

The carbohydrate moiety attached to the a(22-39) tryptic
peptide of “13K” ACTH (the 12-15K pool of molecule) has
been shown to be linked through N-acetylglucosamine to as-
paragine and is of the complex type, containing glucosamine,
mannose, galactose, and fucose (Eipper & Mains, 1977). In
addition there is at least one carbohydrate side chain attached
to the N terminus of the ACTH-endorphin precursors which
also labels with mannose, glucosamine, fucose, and galactose
(Phillips & Roberts, unpublished observations). We therefore
chose to perform the double-label experiments both with core
sugars (glucosamine and mannose) and with two peripheral
sugars (fucose and galactose). We postulated that the
ACTH-endorphin precursors would label with core sugars,
which are thought to be added as a unit through a lipid linked
intermediate (Waechter & Lennarz, 1976) during or shortly
after synthesis of the protein, and that predominantly the in-
termediates and end products would label with peripheral
sugars, which are generally added later in the smooth endo-
plasmic reticulum and Golgi (Sharon, 1975; Schachter et al.,
1970; Wagner & Cynkin, 1971; Melchers, 1971; Choi et al.,
1971).

The ACTH molecules in a cell extract labeled with [3H]-
glucosamine and [?3S]methionine were isolated and frac-
tionated (Figure 5). In this 2-h labeling period both the
ACTH-endorphin precursors and the 20-26K ACTH inter-
mediates have been labeled to steady state, so the [2H] /[35S]
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FIGURE 4: Tryptic peptides of [>3S]methionine-labeled and [*H]tryp-
tophan-labeled ACTH-endorphin precursors. One microtest well was
incubated with either 200 uCi of L-[3S]methionine (1000 Ci/mmol) or
200 uCi of L-[5(n)-*H]tryptophan (30 Ci/mmol) in 50 xL of Dulbecco-
Vogt MEM, and the ACTH-containing proteins were immunoprecipitated
and separated by NaDodSOy gel electrophoresis as described in Figure
1. Tryptic peptides of the isolated precursors were prepared and analyzed
by paper electrophoresis at pH 6.5. Mobility has been defined relative to
lysine with Ry ys of e-DNP-lysine = 0 and Ry, of lysine = 1.0. Background
has been subtracted. Recovery of peptides was 90%.

ratios in Table II should give a reliable estimate of the amounts
of glucosamine in these forms. (The 12-15K ACTH molecules
continue to incorporate both methionine and glucosamine after
2 h so the ratios for these forms have not been computed.) In
addition, when cells were labeled with [35S]methionine and
[®*H]mannose, [3H]/[*S] ratios of 1.0 for 29K and 2.0 for 32K
were obtained. (In this experiment an insufficient amount of
[**S]methionine and [*H]mannose was incorporated into 34K
for the ratio to be computed.) These comparisons suggest that
29K ACTH-endorphin contains less glucosamine and mannose
than 32K ACTH-endorphin and less glucosamine than 34K
ACTH-endorphin.

In order to determine if the ACTH-endorphin precursors
differ in peripheral carbohydrate content, cells were labeled
for 2 h with [33S]methionine and [*H]fucose (Figure 6A) or
with [3*S]methionine and [3H]galactose (data not shown).
This time period is again sufficient to achieve steady state la-
beling of the 29-34K and 20-26K molecules, but not the
12-15K molecules. Figure 6A shows that the peaks of [2H]-
fucose and [33S]methionine do not coincide in the 29-35K
region of the gel, but do coincide in the regions of the gel where
lower molecular weight forms of ACTH appear. This suggests
that the predominant forms of the precursor in the cells (29K,
32K, and 34K ACTH-endorphin) do not contain fucose and
that the fucose containing proteins in this region of the gel are
minor components. Therefore, differences in fucose content
of the 34K, 32K, and 29K precursors are not responsible for
their differences in molecular weight. In contrast, the peaks
of 3H and 33S do coincide in the 20-26K and 12-15K regions
of the gels suggesting that fucose-containing proteins are the
major components of these peaks and that differences in fucose
content could be responsible for the molecular weight differ-
ences of these forms.
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FIGURE S: [33S]Methionine/[*H]glucosamine-labeled ACTH immunoprecipitates; analysis by NaDodSOy gel electrophoresis. AtT-20 cells in Falcon
Microtest wells were incubated for 2 h with 25 uCi of L-[33S]methionine (1000 Ci/mmol) and 125 uCi of D-[6-3H]glucosamine (19 Ci/mmol) in 50
pL of modified low glucose Dulbecco-Vogt MEM containing 10% horse serum. Cells were extracted, lyophilized, and immunoprecipitated with antiserum
Bertha. The specific ACTH-containing proteins were separated by electrophoresis with 12% Biophore gels. Dansyl-YADH was included as an internal
standard. Gels were sliced, eluted, and counted using a program for quenched *H/3*S counting (Isocap scintillation counter). 3H cpm are adjusted

for 35S spillover and background has been subtracted.
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FIGURE 6: [3%S]Methionine/[*H]}fucose-labeled ACTH immunopreci-
pitates; analysis by NaDodSOy gel electrophoresis. {A) Cells were incu-
bated with 25 uCi of L-[33S]methionine (1000 Ci/mmol) and 125 uCi of
L-[6-3H]fucose (16.6 Ci/mmol) in 50 uL of low glucose medium for 2 h.
The cells were extracted and the ACTH-containing proteins were im-
munoprecipitated and analyzed by NaDodSOy gel electrophoresis as
described in Figure 5. (B) Cells were incubated with 150 uCi of [3H]fucose
(16.6 Ci/mmol) and with 80 uCi of [33S]methionine (1000 Ci/mmol) in
50 uL of low glucose medium for 5 h. The medium was replaced with 100
uL of serum-free low glucose medium and the cells were incubated for 2
h. The ACTH-containing proteins in the medium were immunoprecipi-
tated and analyzed by NaDodSOj, gel electrophoresis.

Since it has been observed that some ACTH-endorphin
precursors are secreted into tissue culture medium (Eipper &
Mains, 1975), there is a simple explanation for the peaks of
[*H]fucose in the 29-35K region of the gel. They might rep-
resent a subpopulation of precursor molecules that have es-
caped proteolytic processing and have passed through the
smooth endoplasmic reticulum and Golgi where peripheral
sugars have been added, then are stored in secretory vesicles.
The major portion of the population of precursor molecules
(29K, 32K, and 34K) would be processed proteolytically before
reaching the smooth membranes. A test of this hypothesis is
to determine if the major species of precursor molecules that
are secreted into tissue culture medium contain peripheral
sugars. Results in Figure 6B show that in the tissue culture
medium the [*H]fucose and [33S]methionine peaks coincide
in the precursor region of the gel suggesting that the major
species of precursor molecules in culture medium contain pe-
ripheral sugars (Figure 6B). In addition the apparent molec-
ular weights of the two major precursor proteins seen in the
culture medium, 30K and 33.5K, are the same as those of the
fucose labeled precursors seen in cell extracts.

Other observations suggest that the carbohydrate compo-
sition of the secreted precursor forms is different than that of
the precursor forms in cell extracts. The electrophoretic mo-
bility of the (22-39) containing tryptic glycopeptide shifts
from Ryys = —0.25 in the 32K precursor form in the cells to
—0.40 in the precursor forms in the culture medium, suggesting
that the precursor may contain sialic acid in the medium but
not in the cells.

Somewhat different results were obtained when cells were
labeled with [35S]methionine and [3H]galactose. In this case,
the peaks of 35S label do coincide with the peaks of *H label
in the precursor region of the gel. This result is somewhat
unexpected since the initial translation products should not
contain peripheral sugars. A possible explanation is that ga-
lactose is added as one of the first peripheral sugars and that
its addition does not significantly shift the molecular weight
of the protein. Alternatively, the ACTH-endorphin precursors
could contain a second type of core sugar with N-acetylga-
lactosamine linked to serine or threonine which is added during
or shortly after synthesis of the protein.
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FIGURE 7: Tryptic peptides of [*H]glucosamine-labeled ACTH-endor-

phin precursors. Cells were incubated with 300 Ci of D-[6-3H]glucosa-

mine (20 Ci/mmot) for 2 h. Tryptic peptide analysis was performed as
described in Figure 4. Recovery of peptides was greater than 80%.

[3H)Glucosamine-Labeled Tryptic Peptides

Cells were labeled with [3H]glucosamine and the 29K, 32K,
and 34K ACTH-endorphin precursors were isolated and di-
gested with trypsin. Paper electrophoresis of the [*H]glu-
cosamine-labeled tryptic peptides is shown in Figure 7. All
three forms of the precursor appear to have in common the
basic and neutral glycopeptides (Rrys = 0.1 and Ry ys = 0) but
only the 32K ACTH-endorphin precursor contains an acidic
glycopeptide. The cell-free synthesized 28.5K precursor does
not label with [3H]glucosamine or [*H]mannose (Roberts &
Herbert, 1977a); therefore its tryptic peptides can be used as
unglycosylated markers. In order to identify the acidic glyco-
peptide, tryptic peptides of [*H]phenylalanine- and [3H]ty-
rosine-labeled 34K, 32K, and 29K ACTH-endorphin and the
unglycosylated cell-free precursor were analyzed by paper
electrophoresis (Figure 8). All the tryptic peptides of the 34K,
29K, and 28.5K forms have identical mobilities. The 32K form
contains the same tryptic peptides, except that the mobility of
one acidic peptide has shifted from Ry ys = —0.35t0 Rpys =
—0.25. This acidic peptide has been identified in the 28.5K
precursor as the tryptic peptide containing the «(22-39) se-
quence of ACTH (Roberts & Herbert, 1977a). The shift in
mobility of this peptide has also been observed in analysis of
[*H]leucine, {3H]valine, and [*H]proline labeled precursors
(data not shown). These amino acids are also known to be
contained within the conserved region of the «(22-39)-ACTH
peptide. Since the acidic [*H]glucosamine-labeled tryptic
peptide derived from the 32K form also has a mobility of Ry s
= —0.25, the most plausible explanation is that glycosylation
of this peptide alters its mobility. Furthermore, it has been
recently shown that 13K ACTH is the glycosylated form of
4.5K ACTH, and that the tryptic glycopeptide obtained by
digestion of 13K ACTH is the «(22-39) peptide (Eipper &
Mains, 1977). In addition, when the tryptic peptides of
[*H]leucine-labeled 13K and 4.5K ACTH are compared, there
is a similar shift in mobility due to glycosylation of the
a(22-39)-ACTH peptide. The COOH-terminal peptide de-
rived from 4.5K ACTH has a mobility of Ryys = —0.5, and the
same peptide derived from 13K ACTH has a mobility of Ry y,
= —0.4 (data not shown). [The mobilities of these COOH-
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FIGURE 8: Tryptic peptides of [3H]phenylalanine-labeled and [3H]ty-
rosine-labeled ACTH-endorphin precursors. Cells were incubated with
100 uCi of L-[2,6-*H]phenylalanine (12 Ci/mmol) or 100 uCi of L-
{2,3,5,6-3H]tyrosine (80 Ci/mmol) in 50 uL of Ham’s F-10 medium
containing 10% horse serum for | h. Tryptic peptide analysis was per-
formed as described in Figure 4. Recovery of peptides was greater than
70%.

terminal ACTH peptides are not identical with the mobilities
of the peptides containing the «(22-39) sequence derived from
the precursor forms since ACTH is not at the COOH terminal
of the precursor (Roberts & Herbert, 1977b). Therefore,
tryptic peptides derived from the precursor forms contain at
least one additional basic residue, either lysine or arginine.]
These observations, which show that the a(22-39) region of
32K ACTH-endorphin is glycosylated, suggest that 32K
ACTH-endorphin might be a precursor to 13K ACTH, but
that the «(22-39) region of 29K ACTH-endorphin is not
glycosylated, and it could be a precursor to 4.5K ACTH.

The [3H]glucosamine-labeled tryptic peptides of the 23K
and 21K ACTH intermediates have also been investigated
(data not shown). The results suggest that 23K ACTH is de-
rived from 32K ACTH-endorphin since it contains an acidic
[*H]glucosamine-labeled tryptic peptide and that 21K ACTH
is derived from 29K ACTH-endorphin since it does not contain
an acidic [*H]glucosamine-labeled tryptic peptide. Both 23K
and 21K ACTH contain the basic and neutral tryptic glyco-
peptides.

Distribution of Molecular Weight Forms of ACTH and
B-Endorphin in Lobes of Mouse Pituitary and in AtT-20-D ¢,
Cells. Extracts of anterior and intermediate-posterior lobes
of mouse pituitary and of AtT-20-D¢, cells were fractionated
by NaDodSOQj, gel electrophoresis. The gel profiles of ACTH
and endorphin immunoactivity in all the extracts (Figure 9)
coincide in the regions of the gels where 29K, 32K, and 34K
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FIGURE 9: Analysis of immunoreactive forms of ACTH and endorphin
in the anterior and intermediate-posterior lobes of mouse pituitaries and
in AtT-20 cells by radioimmunoassay. Intermediate-posterior lobes of
20 mice were extracted, fractionated on NaDodSO,-polyacrylamide gels,
and analyzed by radioimmunoassay as described in Materials and
Methods. Fifteen percent polyacrylamide gels were used to obtain reso-
lution of small molecular weight forms. The abscissa represents a con-
tinuum of log molecular weight. The difference of Ryapy at the juncture
of 129% and 15% profiles represents the difference in mobility of small
molecules with the two acrylamide concentrations. The same procedure
was used in analysis of two anterior pituitary lobes. AtT-20 cells were
cultured and extracted as described in Materials and Methods.

proteins run but not in the regions where lower molecular
weight proteins run. Hence, only the proteins in the 29-35K
region of the gel appear to contain both endorphin and ACTH,
whereas lower molecular weight proteins contain either en-
dorphin or ACTH, but not both. These results suggest that the
lobes of the pituitary contain the same precursor proteins and
the same lower molecular weight forms of ACTH and endor-
phin as the tumor cells. The same size forms of ACTH and
endorphin are observed in gel profiles of immunoprecipitated
extracts of tumor cells labeled with amino acids (Figure 2, solid
line).

Almost all of the ACTH immunoactivity in the intermedi-
ate-posterior lobe (excluding the activity in the a-MSH re-
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gion) is in the precursor forms of ACTH-endorphin, whereas
in the anterior lobe almost all the ACTH immunoactivity
(85%) is in the 13K and 4.5K ACTH forms. In the interme-
diate lobe, ACTH immunoactivity is found in the region of the
gel where a-MSH size (1.5-2.0K) material would run. This
is in accord with the report by Scott et al. (1974) that a-MSH
and an intermediate lobe peptide called “CLIP” [a(18~39)]
are present in substantial amounts in the intermediate lobe of
the rat pituitary. The molecular weight distribution of ACTH
and endorphin is comparable for rats and mice (data not
shown).

Figure 9 also shows that endorphin immunoactivity is
present in the form of 3-LPH size material (11.7K) in the
anterior lobe but predominantly in 3-endorphin size material
(3.5K) in the intermediate-posterior lobe. These results suggest
that processing of the ACTH-endorphin precursor is quite
different in the two lobes.

Since the same antibodies were used to assay all of the tissue
extracts, the differences in distribution of the immunoactive
forms of ACTH and endorphin in the two lobes of the pituitary
should reflect differences in the amounts of each protein
present rather than differences in antigenicity of the forms of
the hormones in the two lobes.

Finally, it should be noted that the distribution of immu-
noactive forms of ACTH and endorphin in the tumor cells is
much more like that seen in the anterior lobe than that in the
intermediate-posterior lobe.

Discussion

The common precursor to ACTH and endorphin exists in
at least three different glycoprotein forms in AtT-20-Dsy cells
with apparent molecular weights of 29 000, 32 000, and 34 000
(Roberts & Herbert, 1977a). The cell-free product synthesized
under the direction of mMRNA from AtT-20 cells has an ap-
parent molecular weight of 28 500 and contains all of the ly-
sine, methionine, and phenylalanine labeled tryptic peptides
found in the 29K form isolated from the cells (Roberts &
Herbert, 1977a,b). Steady labeling and pulse chase experi-
ments show that the first form of the ACTH-endorphin pre-
cursor to be labeled in the cells is 29K ACTH-endorphin. The
29K ACTH-endorphin molecule appears to be a precursor of
the 32K and 34K ACTH-endorphin.

Analysis of [*H]amino acid labeled tryptic peptides suggests
that the peptide backbone is similar in all three precursor forms
since there are no tryptic peptides present in one form which
are missing from the others. Therefore, the differences in ap-
parent molecular weight of these forms are very likely due to
different amounts of carbohydrate.

Analysis of tryptic glycopeptides suggests that the number
of carbohydrate side chains in the precursors differs. It was
observed that the tryptic peptide containing the a(22-39) se-
quence of ACTH is glycosylated in the 32K form but not in the
29K or 34K forms. This is interesting because it has recently
been shown that 13K ACTH is the glycosylated form of 4.5K
ACTH (Eipper & Mains, 1977). The 13K and 4.5K forms of
ACTH are the end products of processing in the tumor cells
and are the major forms secreted by tumor cells (Allen et al,,
1978), and by primary pituitary cell cultures (unpublished
observations of Paquette & Herbert). It appears that the de-
cision to produce either 13K or 4.5K occurs as one of the ear-
liest steps in the processing of the precursors. Since the for-
mation of 13K and 4.5K ACTH from ACTH-endorphin pre-
cursors involves the generation of an ACTH intermediate
(Mains & Eipper, 1976, and Figure 2), it could be predicted
that at least two forms of this intermediate should exist. Three
forms have been isolated by NaDodSOy gel electrophoresis,
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26K, 23K, and 21K ACTH. ACTH, 23K, contains the gly-
cosylated form of the a(22-39)-ACTH tryptic peptide, and
21K ACTH contains the unglycosylated form of this pep-
tide.

Double-label experiments using [*5S]methionine and *H-
labeled core sugars (glucosamine and mannose) or 3H-labeled
peripheral sugars (fucose, galactose, and glucosamine) sub-
stantiate the tryptic glycopeptide results. The 32K and 29K
forms probably contain very little peripheral carbohydrate;
however, 32K clearly contains more mannose and glucosamine
than 29K. This difference is most likely due to the addition of
another core carbohydrate to the «{22-39) sequence of
ACTH. ACTH, 34K, contains relatively more glucosamine
than 29K. It may be derived from 29K by addition of periph-
eral glucosamine or by addition of another carbohydrate side
chain.

The data presented here, together with the knowledge that
11.5K endorphin is located at the COOH terminus of the
precursor molecule, and that ACTH is adjacent to 11.5K en-
dorphin near the middle of the molecule (Roberts & Herbert,
1977b), suggest the model of processing depicted in Figure 10.
The 29K form of ACTH-endorphin is the first form synthe-
sized in the tumor cells. Its peptide backbone is similar to the
28.5K cell-free precursor, but 29K ACTH-endorphin contains
at least one carbohydrate side chain attached to the region of
the molecule located N terminal to ACTH. It is possible that
this carbohydrate side chain is attached to the amino-terminal
portion of the growing nascent chain, since the unglycosylated
precursor is not observed in vivo. Glycosylation of nascent
chains has been observed with ovalbumin (Kiely et al., 1976)
and with immunoglobulins (Bergman & Kuehl, 1977).

The 29K precursor can be processed in one of three ways:
(1) it can be further glycosylated by addition of another car-
bohydrate side chain to the a(22-39)ACTH region to yield
32K ACTH-endorphin. The 32K protein can then be proteo-
lytically cleaved to generate 11.5K endorphin and an ACTH
intermediate (23K ACTH); (2) 29K ACTH-endorphin can
be proteolytically processed to generate 11.5K endorphin and
an ACTH intermediate (21K ACTH); (3) 29K ACTH-en-
dorphin can be further glycosylated to generate 34K ACTH-
endorphin. The 34K ACTH-endorphin is proteolytically
processed to generate 11,5K endorphin and a heavily glyco-
sylated intermediate, perhaps 26K ACTH. The 23K and 21K
ACTH intermediates are subsequently cleaved to generate
12-15K ACTH and 4.5K ACTH, respectively, together with
a glycoprotein of about 90 amino acids (Roberts et al., un-
published results), the N terminus of the ACTH-endorphin
precursor molecule. ACTH, 4.5K, could also be derived from
the 34K ACTH-endorphin precursor since 34K, like 29K,
contains the unglycosylated a(22-39) sequence of ACTH.
Quantitative pulse chase studies corroborate this model of
processing since they show that all the label lost from the
29-34K pool of ACTH-endorphin precursors (“31K
ACTH/endorphin”) can be accounted for in smaller forms of
ACTH and endorphin (Mains & Eipper, 1978). Cleavage of
the 26K ACTH intermediate may yield a different form of the
N-terminal glycopeptide from that generated by cleavage of
21K and 23K ACTH and, in fact, we have recently identified
two forms of the N-terminal glycopeptide (Roberts et al.,
unpublished observations).

Double-label experiments with [>*S]methionine and
[*H]fucose suggest that peripheral sugars are added to 20-26K
and 12-15K ACTH, since the fucose and methionine labeling
patterns coincide in this region of the gel (Figure 6A). Na-
DodSO, gel analysis of [*H]fucose- and [35S]methionine-
labeled ACTH-endorphin precursors suggests that the major
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FIGURE 10: Model of processing of ACTH-endorphin precursors.

forms of the precursor present in cell extracts (34K, 32K, and
29K ACTH-endorphin) are proteolytically processed before
peripheral sugars are added. However, two precursor forms
with slightly different apparent molecular weights (33.5K and
30K ACTH-endorphin) which do contain fucose are present
as minor species in cell extracts and as the major species in
tissue culture medium (Figures 6A and 6B). It therefore ap-
pears that precursor forms which escape proteolytic processing
are further glycosylated before they are secreted. NaDodSO4
slab gel electrophoresis of amino acid labeled cell extracts
substantiates this hypothesis. At 1 h of labeling three distinct
bands of 29 000, 32 000, and 34 000 apparent molecular
weight are observed, but, after longer labeling, two additional
bands of 30 000 and 33 000 molecular weight appear (Roberts,
unpublished observations).

Since the subcellular organelles involved in the processing
of secreted proteins are known for many cell types, the sub-
cellular location of some of the steps in the processing of the
ACTH-endorphin precursor can be predicted. The synthesis
of the ACTH-endorphin precursor in AtT-20 cells is similar
to that of other secreted proteins in that it occurs on rough
microsomes (Roberts & Herbert, 1977a). Many proteins
which are synthesized on rough microsomes have been shown
to contain a highly hydrophobic signal sequence at the N ter-
minus of the molecule which is postulated to allow ribosomes
synthesizing these proteins to attach to the membranes (Blobel
& Dobberstein, 1975; Chan et al., 1976; Habener et al., 1976).
It is not yet known whether ACTH contains such a signal se-
quence, but current studies on the structure of the N terminal
of the forms of the ACTH-endorphin precursor synthesized
in the cells and in the cell-free system should answer this
question. Mannose and N-acetylglycosamine are thought to
be attached to proteins in a block transfer involving a lipid-
linked intermediate which probably takes place in the rough
endoplasmic reticulum (Waechter & Lennarz, 1976). The
29K, 32K, and 34K precursor forms label primarily with these
two core sugars. Since the first form of ACTH-endorphin to
be labeled in vivo (29K ACTH-endorphin) contains carbo-
hydrate, the first carbohydrate side chain may be added di-
rectly to growing nascent chains. This is very likely since this
side chain is attached close to the N terminus of the ACTH-
endorphin precursor (unpublished data) which would make
it accessible rather early during synthesis to glycosylating
enzymes. Shortly after synthesis another core group consisting
of N-acetylglucosamine and mannose is attached to some of
the 29K precursor molecules to generate the 32K form. It is
not yet known whether the glycosylation of 29K ACTH-en-
dorphin to yield 32K ACTH-endorphin is a random event,
occurring with only a fraction of the 29K precursors, or a
specific event, recognizing a subpopulation of the 29K pre-
cursors (i.e., there might be two forms of the precursor dif-
fering only in the carbohydrate attachment site). Peripheral
sugars are beginning to be added to the different carbohydrate
side chains at about the same time as the first proteolytic
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cleavage occurs. These glycosyltransferases are generally lo-
cated in the smooth endoplasmic reticulum and Golgi (Sharon,
1975; Schachter et al., 1970; Wagner & Cynkin, 1971). Ad-
ditional studies are being performed to determine the precise
nature of the carbohydrate side chains in the various forms of
ACTH and the intracellular site of addition of the different
sugars.

The presence of all of the forms of ACTH and endorphin
in both AtT-20 cells and in mouse pituitary provides some
assurance that the processing pathways being studied in
AtT-20-D gy cells are not tumor cell artifacts (Figure 9). It is
interesting to note that the anterior and intermediate lobes of
mouse pituitary appear to have the same forms of the
ACTH-endorphin (29, 32, and 34K ACTH-endorphin forms)
but a very different distribution of lower molecular weight
forms of ACTH and endorphin. Furthermore, the end products
of processing bearing either ACTH or endorphin determinants
appear in equivalent amounts in both lobes. In the intermediate
lobe, «MSH size material is present in approximately the same
amount as 3.5K endorphin, while in the anterior lobe the
amounts of 4.5K plus 13K ACTH approximately equal the
amounts of 3.5K plus 11.5K endorphin. This suggests that the
processing of the precursors follows a different pattern in the
two lobes.

Acknowledgment

The authors wish to thank Steve Cross and Kathy Hoch-
stetler for valuable technical assistance, Bob Ivarie for the
prepared S. aureus used for immunoprecipitation, Marcia
Budarf, Paul Policastro, and Richard Allen for helpful dis-
cussions and critical reading of the manuscript, Betty Eipper
and Dick Mains for making their manuscripts available to us
prior to publication, and Dr. Roger Guillemin, Nicholas Ling,
and M. S. Vargo for generously providing the 8-endorphin
antisera and S-endorphin.

References

Allen, R. G., Herbert, E., Hinman, M., Shibuya, H., & Pert,
C. B. (1978) Proc. Natl. Acad. Sci. U.S.A., (in press).
Bergman, L. W., & Kuehl, W. M. (1977) Biochemistry 16,
4490.

Blobel, G., & Dobberstein, B. (1975) J. Cell Biol. 67, 835.

Brewer, J. M., Pesce, A. J., & Ashworth, R. B. (1974) Ex-
perimental Techniques in Biochemistry, p 336, Prentice-
Hall, Englewood Cliffs, N.J.

Chan, S. J., Keim, P., & Steiner, D. F. (1976) Proc. Natl.
Acad. Sci. U.S.A. 73, 1964.

Choi, Y. S., Knopf, P., & Lennox, E. S. (1971) Biochemistry
10, 659.

Churms, S. C. (1975) in Chromatography (Heftmann, E.,
Ed.) p 661, Van Nostrand Reinhold, New York, N.Y.
Dawson, R. M. C., Elliot, D. C., Elliot, W. K., & Jones, K. M.

(1969) Data for Biochemical Research, Oxford University

ROBERTS ET AL.

Press, p 544, New York, N.Y.

Eipper, B. A., & Mains, R. E. (1975) Biochemistry 14,
3836.

Eipper, B. A., & Mains, R. E. (1977) J. Biol. Chem. 252,
882.

Eipper, B. A., Mains, R. E., & Guenzi, D. (1976) J. Biol.
Chem. 251, 4121.

Guillemin, R., Ling, N., & Vargo, T. (1977) Biochem. Bio-
phys. Res. Commun. 77, 361.

Habener, J. F., Potts, J. T., & Rich, A. (1976) J. Biol. Chem.
251, 3893,

Herbert, E., Roberts, J. L., Phillips, M., Rosa, P. A., Budarf,
M., Allen, R. G., Policastro, P. F., Paquette, T. L. & Hin-
man, M. (1978a) in Symposium on Endorphins in Mental
Health, Waverly Press, New York, N.Y. (in press).

Herbert, E., Allen, R. G., and Paquette, T. L. (1978b) Endo-
crinology 102, 218.

Kessler, S. W. (1975) J. Immunol. 115, 1617.

Kiely, M. L., McKnight, S., & Schimke, R. T. (1976) J. Biol.
Chem. 251, 5490.

Mains, R. E., & Eipper, B. A. (1976) J. Biol. Chem. 251,
4115.

Mains, R. E., and Eipper, B. A. (1978) J. Biol. Chem. 253,
651.

Mains, R. E., Eipper, B. A., & Ling, N. (1977) Proc. Natl.
Acad. Sci. U.S.A. 74, 3014.

Martial, J. A., Baxter, J. D., Goodman, H. M., & Seeberg, P.
H. (1977) Proc. Natl. Acad. Sci. U.S.A. 74, 1816.

Melchers, F. (1971) Biochemistry 10, 653.

Nakanishi, A., Inoue, A, Taii, S., and Numa, S. (1977) FEBS
Lett. 84, 105.

Roberts, J. L., & Herbert, E. (1977a) Proc. Natl. Acad. Sci.
US.A. 74, 4826.

Roberts, J. L., & Herbert, E. (1977b) Proc. Natl. Acad. Sci.
US.A. 74, 5300.

Schachter, H., Jabbal, I., Hudgin, R. L., Pinteric, L., McGuire,
E.J., & Roseman, S. (1970) J. Biol. Chem. 246, 143.

Scott, A. P., Lowry, P. J., Ratcliffe, J. G,, Rees, L. H., &
Landon, J. (1974) J. Endocrinol. 61, 355.

Segrest, J. P., & Jackson, R. L. (1972) Methods Enzymol.
28B, 54.

Sharon, N. (1975) in Complex Carbohydrates, pp 118-126,
Addison-Wesley, Reading, Mass.

Spiro, R. G. (1972) Methods Enzymol. 28, 3.

Vale, W, Grant, G., Amoss, M., Blackwell, R., & Guillemin,
R. (1972) Endocrinology 91, 562.

Waechter, C. J., & Lennarz, W. J. (1976) Annu. Rev. Bio-
chem. 45, 95.

Wagner, R. R., & Cynkin, M. A. (1971) J. Biol. Chem. 246,
143,

Yates, F. E., & Maran, J. W. (1974) in Handbook of Physi-
ology-Endocrinology, Vol. 4, p 367, Waverly Press, Balti-
more, Md.



