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ABSTRACT The pituitary cell line, AtT-20, synthesizes the
precursor to corticotropin (adrenocorticotropic hormone; ACTH)
and 13-endorphin and correctly glycosylates and cleaves it to make
the mature forms of the hormones before they are secreted. This
cell line was used to study the intracellular transport, packaging,
and secretion of these hormones. Secretory granules from the cells
were isolated by homogenization and differential centrifugation
and isopycnic sedimentation on a 2H20-Ficoll gradient to give a
preparation having a specific activity of 90 ,.g ACTH per mg of
protein, which is 30- to 90-fold greater than that of whole cells.
The granules have density characteristics and a sedimentation
coefficient that are appropriate for spheres of 1000 A radius. They
contain all of the fragments of the initial ACTH/endorphin pre-
cursor but almost undetectable amounts of the intact precursor.
The fragments constitute about 50% of the protein in the secretory
granule fraction and, from density measurements, we estimate
that they are present in -60,000 copies per vesicle. The cell line
secretory granules appear, therefore, to be similar to mature se-
cretory granules in normal differentiated tissues. ACTH first ap-
pears in the secretory granule at 30-45 min after synthesis. Cleav-
age of the precursor to mature ACTH occurs at about the same
time in the whole cell. Therefore, proteolysis of the prohormone
to ACTH and to P-lipotropin is a metabolic event that can be cor-
related with the packaging of the hormone into a mature secretory
granule. Cleavage of f-lipotropin to (3-endorphin occurs later,
probably in the secretory granule.

Morphological studies of highly differentiated secretory tissues
such as the pancreas and the parotid gland have delineated the
intracellular route oftransport ofproteins destined for secretion
(1). Secretory proteins are synthesized at the rough endoplasmic
reticulum, transported to the Golgi apparatus or the condensing
vacuole for packaging into mature secretory granules, and then
discharged from the cell by exocytosis. The molecular events
underlying this process are poorly understood. It is not known
how the secretory proteins are segregated and packaged into se-
cretory granules or how specific granule membrane components
are acquired. The nature of the recognition event whereby ap-
propriate membranes fuse during transport and secretion re-
mains obscure.

Highly structured tissues such as the pancreas are optimal for
morphological studies, but the use of cell lines for the study of
biochemical processes is advantageous-e.g., a cell line that re-
tains normal secretory functions could be used to study the mo-
lecular events involved in packaging and secretion of proteins.
We chose the mouse pituitary cell line AtT-20 as a model secre-
tory system because these cells retain many important biochem-
ical and physiological properties of pituitary corticotrophs. The
biosynthetic pathways of the major secretory products-corti-
cotropin (adrenocorticotropic hormone; ACTH), ,B-lipotropin
(f3-LPH), and B-endorphin, in these cells have been elucidated.
These hormones are first synthesized as a common polypeptide

precursor (2-4), and this is then glycosylated and cleaved to the
final hormone products (5). In other tissues, the enzymes in-
volved in posttranslational processing of membrane and secre-
tory proteins are located in specific organelles, such as the
rough endoplasmic reticulum or the Golgi apparatus (6, 7). If
normal transport and processing occurs in AtT-20 cells, it should
be possible to use ACTH processing activities to monitor trans-
port between intracellular compartments or as biochemical
markers for the corresponding organelles.

The final organelle in the secretory pathway in AtT-20 cells,
the secretory granule, has been isolated. We report here a 2H20
density gradient procedure that produces a highly enriched
population of ACTH-containing secretory granules that has dis-
tinct physical properties. The large number of fully processed
hormones in the vesicle supports our belief that we have iso-
lated mature secretory granules. We show that proteolytic pro-
cessing of the ACTH/endorphin precursor is simultaneous with
the packaging of the hormones into the mature secretory
granule.

MATERIALS AND METHODS
Materials. Ficoll and Hepes were purchased from Sigma.

2H20 was obtained from BioRad. Particle Data Laboratories
(Elmhurst, IL) supplied the Nonidet P40 (NP40). Staphylococ-
cus aureus Cowan I cells were purchased from The Enzyme
Center (Boston, MA) (product name IgSORB), and [ S]-
methionine was from Amersham.

Cells. AtT-20/D-16v cells were grown in monolayers in Ea-
gle's minimal essential medium (Dulbecco's modification) sup-
plemented with 10% horse serum and glutamine. Cells were
normally used just before or at confluency. Cells were harvested
by incubating at 37°C in 0.02 M sodium phosphate, pH 7.4/
0.15 M NaCl/4 mM ethylene glycol bis(P-aminoethyl ether)-
N,N,N'N'-tetraacetic acid (EGTA). They were then pelleted at
low speed in the cold before use. Approximately 5 X 106 cells
were obtained from each 75-cm2 T flask.

Secretory Granule Purification. Cell pellets harvested from
five 75-cm2 T flasks were suspended in 15 ml of cold homoge-
nization buffer (250 mM sucrose/10 mM Hepes, pH 7.4/2 mM
EGTA/1 mM EDTA). They were then homogenized on ice with
six strokes ofa Kontes Dounce homogenizer (type B pestle).

Large debris and organelles (P1) were removed by pelleting
at 10,000 x g for 5 min in a Sorvall SS34 rotor. The supernatant
(Sl) was then centrifuged in the same rotor at 30,000 X g for
35 min to obtain a crude pellet (P2). This pellet was resuspended
in 1-2 ml of homogenization buffer by vigorous repeated pi-
petting with a 1-ml automatic Pipetman until it appeared as a
homogenous milky suspension. The resuspended P2 was loaded

Abbreviations: ACTH, corticotropin (adrenocorticotropic hormone); ,

LPH, 3lipotropin; EGTA, ethylene glycol bis(f3-aminoethyl ether)-
N,N,N',N'-tetraacetic acid.
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on top of a 2H20-FicolI density gradient consisting of from bot-
tom to top in a polyallomer centrifuge tube, 1 ml of 20% Ficoll
in 2H20; 2 ml each of 17%, 14%, and 11% Ficoll in 2H20; 1 ml
of 9% Ficoll in 2H20; and a 29-ml linear gradient of 40-100%
2H20 containing Ficoll at a constant 8%, all containing 250 mM
sucrose/20mM KC/10.mM Hepes, pH 7.4/1 mM EDTA. The
2H20 gradient was centrifuged at 26,000 rpm in a Beckman
SW27 rotor for 12-15 hr. Fractions (1.7 ml) were collected
through a puncture hole in the bottom of the centrifuge tube.

Radiolabeling. Cells were grown in 75-cm2 T flasks, rinsed
once, and incubated for 20 min in 10 ml ofmodified Eagle's me-
dium lacking methionine and serum. Then, 3 ml of the same
medium containing [35S]methionine (lQ1000 Ci/mmol; 1 Ci =
3.7 x 1010 becquerels) was added to each T flask. After the al-
lotted labeling time, the cells were rinsed with EGTA/phos-
phate-buffered saline and harvested.

Radioimmunoassay. ACTH radioimmunoassay was per-
formed as described (8). Anti-ACTH antiserum Violet was a gift
of E. Herbert. 125I-Labeled ACTH was provided by S. Hane.
ACTH for standards (porcine 1-39 ACTH) was a gift of J. Ra-
machandran. Samples were diluted with 1% NP40 in plastic test
tubes and heated to 100TC for 1 min in a temperature block prior
to assay.

Immunoprecipitation. Homogenates ofwhole cells were ex-
tracted and lyophilized as described (5). Secretory granules
were concentrated by ultracentrifugation after dilution with
isoosmotic buffer to reduce the solution density. All samples
analyzed by immunoprecipitation were first treated with io-
doacetamide and phenylmethanesulfonyl fluoride to inhibit
proteolytic activity. Samples were dissolved in precipitation
buffer (0.5% NP40/0.4 M NaCl/10 mM Hepes, pH 7.5) and
centrifuged for 10 min at 12,000 X g. Antiserum was added in
excess to ensure complete antigen-antibody reaction. The mix-
tures were incubated overnight in precipitation buffer. Anti-
gen-antibody complexes were precipitated by using the Staph-
ylococcus precipitation procedure (9). The ,3-endorphin
antiserum, the anti-amino-terminal serum Bridget, and the af-
finity-purified ACTH antiserum used in some experiments
were generous gifts of E. Herbert. Additional ACTH antiserum
was obtained from J. Ramachandran and purified on an ACTH
affinity column as described (10).

Gel Electrophoresis. NaDodSO4/polyacrylamide slab gel
electrophoresis was performed in the buffer system originally
described by Laemmli (11). Exponential gradient gels from
10-18% acrylamide were used.

Protein was determined by Amido Schwarz staining method
(12), modified for Ficoll-containing samples (13), using bovine
serum albumin as a standard.

RESULTS

Secretory Granule Purification. In seven secretory granule
purifications, 33- to 88-fold increases in the specific activity of
ACTH/protein over whole cells were obtained (Table 1). The
average secretory granule specific activity was 74 + 11 pg
ACTH/mg protein (mean ± SD). A variety of homogenization
conditions were tried to find the maximum fraction of cellular
ACTH that could be recovered in a 105 g x 10 min pellet, after
first removing nuclei and cell debris by low-speed centrifuga-
tion. Six strokes with a Dounce homogenizer in the appropriate
buffer lysed essentially all of the cells (determined by trypan
blue exclusion), released less than 5% of the ACTH to a soluble
fraction, and yielded 40% of the cellular ACTH in the high-
speed pellet. The differential centrifugation conditions chosen
minimized the loss of ACTH during the low-speed centrifu-
gation step but increased the specific activity of the high-speed

Table 1. Secretory granule purification summary
ACTH

Purification Total, Recovery, Specific
step pg % activity*

Homogenate 41.6 ± 1.3 100 2.7 ± 0.084
P2 15.5 ± 2.0 37 12 ± 1.6
Peak

fractions 2.31 ± 0.26 5.5 89 ± 10

Sample results from a typical purification. P2 was the 30,000 x g,
35-min pellet that was fractionated on the 2H20-Ficoll density gra-
dient. Peak secretory granule fractions were fractions 4 and 5 of the
2H20 gradient shown in Fig. 1. Results are expressed as mean ± SD.
* Expressed as sg ACTH/mg protein.

pellet (P2). For example, in one purification (see Table 1), 37%
of the cellular ACTH was recovered in the P2, resulting in a 4-
fold increase in specific activity.
Further purification was achieved by using a Ficoll-contain-

ing 2H20 density gradient. When centrifuged in a gradient of a
membrane-permeable solute, the density of a closed vesicle is
determined less by the water it contains and more by the vesicle
contents (14). The successful purification with the 2H20 gra-
dient presumably results from the permeability of the granules
to 2H20 and the high density ofthe granule contents.
The 2H20 gradient separated the ACTH-containing struc-

tures into two major peaks (Fig. 1). The use of 8% Ficoll
throughout the 2H20 gradient was critical in obtaining optimal
separation between the two peaks. The lighter peak equili-
brated within the 2H20 gradient and contained a large amount
of contaminating protein. The denser peak, containing the se-
cretory granules, equilibrated in the Ficoll gradient at the bot-
tom and included a very small protein peak. Six percent of the
cellularACTH was recovered in the dense peak fractions, which
had a very high specific activity (89 jig ACTH/mg protein).

Physical Properties of Secretory Granules. The densities of
the secretory granules, determined in isoosmotic Ficoll solu-
tions, were 1.10 g/ml in H20 and 1.17 g/ml in 2H20. To deter-
mine the sedimentation coefficient, the peak fractions from a
2H20/Ficoll gradient were pooled, diluted to one-fifth with
isoosmotic 2H20 buffer and centrifuged inma swinging bucket ro-
tor at 18,000 X g average for varying lengths of time. The
amount ofACTH in each pellet was measured by radioimmu-
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FIG. 1. 2H20 density-gradient profile of secretory granule purifi-
cation (see Table 1). Fractions 4 and 5 are the peak secretory granule
fractions. 9-*, pg ACTH per fraction, as determined by radioimmu-
noassay. o---o, jig protein.per fraction. Each fraction contained -1.7
ml.
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FIG. 2. Protein analysis of 2H20 density-gradient purified secre-
tory granules. Four T flasks of cells were labeled with 2.5 mCi (1 Ci
= 3.7 x 1010 becquerels) of [35Slmethionine for 5 hr, and the secretory
granule purification was carried out. Aliquots of the 2H20 gradient
fractions were precipitated with trichloroacetic acid and examined by
NaDodSO4 slab gel electrophoresis. The gel was autoradiographed for
84 hr. Fractions 4, 5, and 6 were the peak secretory granule fractions,
as determined by ACTH radioimmunoassay. Asterisks mark uniden-
tified polypeptides that copurify with the secretory granules. Arrow
indicates a band with the mobility of actin (Mr 42,000) that does not
copurify with the secretory granules.

noassay and expressed as a fraction ofthe total pelletable ACTH.
The sedimentation coefficient was calculated for each time point
by using a standard equation (15). The average sedimentation
rate from five time points was 189 + 38 S. The secretory gran-
ules must be fairly homogeneous in size, as the sedimentation
rate did not decrease systematically with increasing centrifuga-
tion time (data not shown).

Secretory Granule Protein Composition. Several polypep-
tides copurified with the secretory granules. NaDodSO4 gel slab
electrophoresis of 2H20 gradient fractions after the cells had
been labeled with [35S]methionine showed that bands that co-
migrate with ACTH, (3endorphin, (8-LPH, glycosylated ACTH
(Mr 13,000), and amino-terminal fragments of the ACTH/en-
dorphin precursor are highly enriched in secretory granule frac-
tions (Fig. 2). Quantitative densitometry of the autoradiograms
showed that these polypeptides represent 44%, 47%, and 47%
of the labeled protein in fractions 4, 5, and 6, respectively.
Many higher molecular weight polypeptides also copurified

with granules and were not present in substantial amounts in
nearby fractions. In contrast, a polypeptide that comigrated
with actin was present in major amounts in every 2H20 gradient
fraction. The Coomassie blue staining polypeptide pattern was
essentially the same, except that it showed a dominant Mr
30,000 species that was present in every gradient fraction. The
Mr 30,000 protein either turns over very slowly or contains few
methionine residues.
To confirm that the indicated bands on the gel were indeed

ACTH- and endorphin-related peptides, 2H20 gradient-puri-
fied granules from [35S]methionine labeled cells were subjected
to immunoprecipitation with ACTH antiserum and with a-en-
dorphin antiserum (Fig. 3). In each case, specificity was deter-
mined by including a control precipitation in the presence ofex-
cess unlabeled hormone to displace the labeled hormone.
ACTH and a smeared band corresponding to glycosylated
ACTH were precipitated from the granules by anti-ACTH anti-
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FIG. 3. NaDodSO4 gel electrophoresis ofACTH and endorphin im-
munoprecipitates of secretory granules. Fractions 4, 5, and 6 from the
experiment shown in Fig. 2 were pooled for the sample of labeled se-
cretory granules. Lanes: (i) Total secretory granule sample that was
incubated in each precipitation, (e-h) immunoprecipitation of the se-
cretory granules, (a-d) whole cell homogenate, (j and k) a fraction from
the light ACTH peak of the 2H20 gradient (fractions 10-13, see Fig.
2). a, b, e, f, j, and k were precipitated with an ACTH antiserum in the
absence (a, e, and j) or the presence (b, f, and k) of excess (10 ,ug) un-
labeled ACTH to show specific precipitation. c, d, g, and h were pre-
cipitated with 3-endorphin antiserum, andcontrols (dandh) contained
10 ,ug of unlabeled (-endorphin. Gels were analyzed by fluorography.
Lane i was exposed one-fifth as long as lanes a-h.

serum. Bands at the molecular weight positions off-endorphin
and /3-LPH were specifically precipitated by an anti-,&3-endor-
phin antiserum. Comparison of the immunoprecipitates with
the total secretory granule fraction suggested that most, if not
all, of the ACTH, endorphin, and ,3-LPH-size material was im-
munoprecipitable by the appropriate antiserum. The ACTH/
endorphin precursor was only faintly detectable after a very
long (24 weeks) period of fluorography-by comparison with
shorter exposures, it constituted less than 1% of the labeled
secretory granule ACTH or endorphin peptides. Precursor
forms were readily immunoprecipitated from homogenates of
whole cells, and the less-dense peak of ACTH in the 2H20 gra-
dient also contained a substantial amount of precursor as well
as processed ACTH.

The bands labeled "NH2 terminus" migrated on NaDodSO4
gels in a similar pattern and molecular weight range as the NH2-
terminal fragments of the ACTH/endorphin precursor (16).
These bands were immunoprecipitated by a crude antiserum
(Bridget) that has anti-amino-terminal titers. However, control
precipitation to determine specificity was not done because
appropriate NH2-terminal fragments were not available.

Comparison of Proteolytic Processing with Packaging into
SecretoryGranules. The temporal relationship betweenACTH/
endorphin processing and intracellular transport was examined
by labeling AtT-20 cells with [35S]methionine for various lengths
of time. After each labeling period, the cells were harvested and
secretory granules were prepared. Secretory granule fractions
from each preparation were pooled and precipitated with tri-
chloroacetic acid, and the proteins were analyzed by NaDodSO4
gel electrophoresis (Fig. 4A). Densitometer scans of the au-
toradiograms were made, and the peaks were quantitated (Fig.
5A). ACTH and p3-LPH abruptly accumulated in the isolated
granules at 30-45 min of labeling. In contrast, a band having
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FIG. 4. Correlation of ACTH/endorphin proteolytic processing
with packaging into secretory granules. Each of six T flasks of cells
was incubated with 800 ACi of [35S]methionine for a specified time.
Incorporation of 35S into trichloroacetic acid-precipitable material per

milligram of protein was linear with time over the full course of the
experiment. The secretory granule preparation was carried out in par-

allel for all six sets of cells after adding unlabeled cells to serve as car-

rier. 2H20 gradient fractions of density greater than 1.165 g/ml were

pooled and analyzed by NaDodSO4 gel electrophoresis and autoradi-
ography (A). Aliquots of the homogenates were immunoprecipitated
with an ACTH antiserum and analyzed similarly (B). Lanes a-f cor-
respond to 15, 30, 45, 60, 90, and 120 min of continuous labeling, re-

spectively. The higher molecular weight polypeptides contaminating
the immunoprecipitates bind nonspecifically to SAC, for they could be
pelleted in the absence of antiserum. Lane g, secretory granule prep-

aration after 5 hr of labeling (see Fig. 2). The Mr 42,000 protein co-

migrates with actin.

the mobility of actin (Mr 42,000) labeled linearly with time, a

behavior that would be expected of a contaminant adsorbed to
the granules. The time course of proteolytic processing of the
ACTH/endorphin precursor was determined by immunopre-
cipitating an aliquot of the corresponding homogenate of each
granule preparation (Figs. 4B and SB). Mature ACTH (Mr 4500)
began to accumulate in the cells at 30-45 min of labeling and
accumulated with continued labeling. Thus, within the time
resolution of this experiment, proteolytic conversion of the
precursor into mature ACTH andR-LPH was concomitant with
the packaging of the hormones into secretory granules.
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FIG. 5. Kinetics of hormone processing and packaging into secre-

tory granules. Autoradiograms (see Fig. 4) were scanned with a den-
sitometer. Relative peak areas were determined by weighing. (A) Ki-
netics of granule- labeling: Radioactivity present as Mr 4500 ACTH
(.-.X as j-endorphin (oao), and in Mr 42,000 protein that comi-
grates with actin (A*.a). (B) Time course of the conversion of ACTH/
endorphin Mr 30,000 precursor to Mr 4500 ACTH. ACTH (Mr 4500) as
percentage of sum of self plus precursor.

A faint band that has the mobility of S-endorphin appeared in
granules after 45 min of labeling and increased dramatically at
1.5-2 hr (Figs. 4A and 5A). Quantitation by densitometry
showed that the label in f-LPH decreased by the same amount
as the increase in label in (3-endorphin. In a separate experi-
ment, cells were labeled for 5 hr with [35S]methionine. In this
case, much more label was in 13-endorphin than in (3-LPH (Fig.
4A, lane g). These results suggest that the cleavage of 8-endor-
phin from (3LPH occurs within the secretory granule long after
the initial proteolysis of the ACTH/LPH precursor.

DISCUSSION

We have used an ACTH radioimmunoassay to monitor the pu-
rification of secretory granules from AtT-20 cells. Because the
ACTH detected is presumably contained in other subcellular
organelles, such as the rough endoplasmic reticulum and Golgi
apparatus, it is not a unique marker for secretory granules. In-
deed, more than one peak ofACTH is present in the 2H20 den-
sity gradient (see Fig. 1). We believe, on the basis of density,
sedimentation properties, the large amount of mature forms of
hormones contained, and the kinetics of labeling, that the den-
ser component corresponds to secretory granules.

The 33- to 88-fold increase in ACTH specific activity over
cell homogenate underestimates the actual purification factor
achieved, because much of the cellular ACTH may not be in
secretory granules. Specific activity measurements suggest that
the granule preparation is highly enriched in secretory product.
2H20 gradient-purified granules had a specific activity of 89 ,ug
of radioimmunoassayable ACTH per mg protein. The granules
also contain the (-LPH and NH2-terminal fragments of the Mr
30,000 precursor. Because the radioimmunoassay quantifies
only the Mr 4500 ACTH fragment, it measures only 15% of the
total secretory product. Therefore, the estimated specific ac-
tivity is 600 pig of secretory product per mg of protein, which
means that approximately 60% of the protein in the granule
preparation consists of secretory product. Quantitative densi-
tometry scans of NaDodSO4 gel autoradiograms also show that
about 50% of the radioactivity of the granule fraction polypep-
tides is present in the fully processed secretory hormones. The
granules must therefore be at least 50% pure (and might be of
higher purity if some of the other labeled polypeptides are also
granule components).
We have used immunoprecipitations and NaDodSO4 gel

electrophoresis to confirm that the granules contain ACTH and
endorphin-related peptides. Previous work, including peptide
mapping, has shown that this approach is adequate to character-
ize ACTH and endorphin peptides and their precursors in AtT-
20 cells (2-5). All of the hormone products of AtT-20 cells, in-
cludingR-LPH, 3-endorphin, ACTH, and glycosylated ACTHs
are present in the purified granules and although the proof is
less rigorous, it appears that the granules also contain the NH2-
terminal fragments of the Mr 30,000 precursor. The lack of the
ACTH/endorphin precursor in the isolated granules must be
reconciled with previous reports of a large proportion ofprecur-
sor secreted into the medium by AtT-20 cells (5, 17). It is possi-
ble that precursor forms preferentially accumulate in the cul-
ture medium because they are more resistant to extracellular
proteases than the mature hormones or that precursors are re-
leased via a pathway that does not involve mature secretory
granules. Because cleavage of the precursor is rapid at the time
of hormone packaging into granules, the presence of precursor
in newly formed granules may be brief. It is unlikely that the
lack of precursors in secretory granules is an experimental arti-
fact, as substantial amounts of precursor remain in the less-
dense 2H20 gradient fractions (see Fig. 3). The lack of precursor
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in the isolated secretory granules is consistent with their role as
the final intracellular compartment that transports ACTH and
the endorphins to the outside of the cell; the role of the less-
dense ACTH peak-is not yet known.

The isolated vesicles are homogeneous in size as determined
by sedimentation analysis and are an appropriate size to be se-
cretory granules. The radius of the granule can be calculated to
be 995 A from the sedimentation coefficient and the vesicle den-
sity (14). Secretory granules of radius 1000 A have been ob-
served in rat pituitary corticotrophs (18) and in AtT-20 cells, (un-
published observations) by electron microscopy.
The number of secretory hormone molecules in each secre-

tory granule can be estimated by using density measurements.
The density of a vesicle, Pves, can be described by using Eq. 1
(14)

Pves = (1 -f)Pc +ftp, [1]

where p, is the density of vesicle contents, including the lim-
iting membrane and any internal contents; p8 is the density of
the solvent; and f8 is the fractional volume of the vesicle that
is exchangeable water. From the densities of the secretory gran-
ule in H20 and 2H20, we can solve two simultaneous equations
to calculate that pc = 1.30 g/ml andf, = 0.66. The high density
of the vesicle contents presumably reflects the large.amount
of secretory protein contained within the secretory granule. The
granule density in aqueous solution (1.10 g/ml) is consistent
with the large proportion of water in the secretory granule. The
mass of the granule contents can be calculated to be 1.85 fg by
using the measured radius, the fractional volume occupied by
contents (1 - f8), and the density of vesicle contents (pc). If we
assume that all the membrane of the granule is made up of
phospholipids, then we can calculate by using.the diameter of
the granule, the cross-sectional-area, and the molecular weight
of the phospholipid (14) that, at most, 30% of the mass of the
contents is taken up by lipid. If the remainder is protein and
50% of the protein is derived from ACTH precursors, then
there is at least 0.66 fg of ACTH precursor (13,000 molecules)
per vesicle. If 50% of the membrane mass were proteins, then
there would be 16,000 molecules per vesicle. This would cor-
respond to 64,000 processed hormone 'fragments per granule.
Although the accuracy of this determination is limited by the
assumptions made, the number of secretory molecules per vesi-
cle is of the right magnitude expected for a secretory granule.
For example, Narcine electric organ.synaptic vesicles have
47,000 molecules of acetylcholine (14) and there are 60,000
molecules.of vasopressin per posterior pituitary granule (19).
We have shown that packaging of the secretory product into

secretory granules is closely associated in time with proteolytic
processing of the ACTH/LPH precursor. Due to the limited
time resolution of the experiment, it is not possible to decide
whether proteolysis -of the ACTH precursor occurs within the
secretory granule or just before the packaging. However, a rea-
sonable interpretation is that proteolytic processing is initiated
by the transfer of the precursor into a. new intracellular com-
partmento-most likely either the Golgi apparatus or the secre-
tory granule itself. The conversion ofproinsulin to insulin is ini-
tiated in the Golgi apparatus and continues in the secretory
granule as it matures (6). Proteolytic processing of.posterior pi-
tuitary.hormones seems to occur within secretory granules as
they are being transported along the axon (20). Our data suggest

that the final cleavage of (-LPH to 13-endorphin occurs within
the secretory granule. This is consistent with previous findings
that f3-endorphin appears in AtT-20 cells with a much slower
time course than the initial proteolysis of the ACTH/LPH pre-
cursor (17). It is not clear why there should be such a long lag
before the /-LPH in the secretory granule is cleaved. This
event may be a slower component of an overall cleavage pro-
cess, perhaps reflecting the presence of the cleavage enzymes
within the secretory granule. We have no evidence to support
the idea that /3-endorphin and ACTH are packaged into sepa-
rate granules.
The packaging results show the advantage of using posttrans-

lational processing activities for studying intracellular transport
and secretion. The secretory granules that we isolated appear
to be the final intracellular compartment involved in trans-
porting hormones out of the cell and have many of the.impor-
tant-attributes of secretory granules from normal differentiated
secretory tissues. The AtT-20 cell line thus retains normal se-
cretory functions and is well suited for studies of molecular
events involved in packaging and secretion of proteins.
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