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The intracellular sites where proteolytic processing

of pro-ACTH/endorphin or POMC take place have

not yet been reliably identified. We have used affin-

ity-purified antisera that recognize only the products

of POMC processing and immunoelectron micros-

copy to identify the compartments of rat pituitary

corticotropes and mouse AtT-20 cells in which cleav-

age occurs. Immunoperoxidase labeling of cryostat

sections and immunogold labeling of ultrathin frozen

sections were used for localization of the processing

sites. By both procedures we detected processed

peptides in Golgi cisternae and secretion granules.

Within the Golgi, labeling was limited to the last or

transmost cistema and was most concentrated in

its dilated rims which contain condensing secretory

protein. No labeling of other Golgi cisternae was

seen. All Golgi cisternae were labeled, however,

when antisera that recognize unprocessed POMC

were used for immunolabeling. We conclude that in

AtT-20 and rat pituitary cells: 1) processing of POMC

through at least two endo- and exoproteolytic cleav-

age steps and a-amidation of joining peptide begin

in the trans Golgi subcompartment; 2) no detectable

processing takes place before POMC reaches the

trans Golgi cisterna; and 3) this Golgi cisterna as

well as secretion granules contain the active en-

zymes necessary for proteolytic processing and a-

amidation. (Molecular Endocrinology 3: 1223-1235,

1989)

INTRODUCTION

Many peptide hormones are synthesized as prohor-

mone or polyprotein precursors that are proteolytically

cleaved to yield active products during or before their

release by exocytosis. The identification of the com-
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partment(s) in which cleavage occurs has been a sub-
ject of considerable interest since the initial discovery
of proinsulin. Although originally thought to be in part a
Golgi function (1), recent biochemical, cell fractionation,
and immunocytochemical data have led to the conclu-
sion that proteolytic processing of several peptide hor-
mones, including proinsulin (2, 3), propressophysin (4),
and POMC or proACTH/endorphin (5) occurs largely or
exclusively in secretion granules. The involvement of
other compartments, especially the Golgi complex, in
proteolytic processing has sometimes been inferred
from analysis of kinetic data but has never been directly
demonstrated due to the inherent limitations of these
approaches. A recent immunocytochemical study (3)
provided data supporting the conclusion that proteolytic
processing of proinsulin occurs exclusively in secretion
granules and pinpointed immature, clathrin-coated se-
cretory vesicles as the main intragranular cleavage site.
No evidence was obtained for processing within the
Golgi complex.

In this paper, we have asked the question, in which
compartment along the secretory pathway does proc-
essing of POMC begin? Specifically, we wondered if
POMC cleavage products, e.g. ACTH and joining pep-
tide (JP), can be detected in the Golgi complex? We
have examined these questions by carrying out immu-
noelectron microscopy on rat anterior pituitary cortico-

tropes and mouse AtT-20 cells using affinity-purified
antisera to specific regions of the POMC molecule. We
here report our findings based on both immunoperoxi-
dase and immunogold localizations demonstrating that
POMC processing does indeed begin in the Golgi com-

plex, as processed POMC products are detectable in
the last or transmost cisterna of this organelle.

RESULTS

Processing of POMC by Anterior Pituitary cells

The events in the proteolytic processing of POMC
follow a distinct order (see Fig. 1). POMC is first cleaved
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NH,
Pro-opiomelanocortin (POMC)

COOH

signal-sequence

ACTH biosynthetic intermediate (ABI) (3-lipotropin

136 1 3 9 209

16 K amino-terminal peptide ACTH

II
94 98 136

y-l ipotropin G-endorphin

joining peptide W///////M

II

139 176 179 209

74 77 94

Fig. 1. Proteolytic Processing of POMC in AtT-20 Cells (Simplified) (6,11, 26)

The amino-terminal signal sequence is cleaved during or shortly after translocation across the membranes of the rough ER. The

remaining cleavages are carried out in orderly steps: 1, /8-LPH and ACTH-biosynthetic intermediate (ABI) are generated. II, ACTH

is cleaved from 16 K amino-terminal peptide. Ill, With a similar time course, the carboxy terminal end of JP is a-amidated, and

cleavage at Arg75-Arg76 occurs. Some of the /3-LPH is processed further to /3-endorphin in a rather slow time course.

in the region Lys137-Arg138 to produce ACTH biosyn-

thetic intermediate [ABI, POMC(1 -136)] and /3-lipotropin

(/3-LPH). Next, cleavage of ABI occurs in the region

Lys96-Arg97 to produce ACTH(1-39) and a 16 K amino-

terminal peptide [POMC(1-95)]. Immunoprecipitation

and tryptic peptide analysis have shown that more than

95% of the ABI is cleaved to produce POMC(1-95) and

ACTH, rather than POMC(1-74) and a molecule con-

taining JP and ACTH (6). In the final proteolytic proc-

essing event, 16 K amino-terminal peptide [POMC(1-

95) and POMC(1-94)NH2] is cleaved in the region Arg75-

Arg76 to produce a mixture of JP-(1-18)NH2 and JP-(1-

19). About 50% of the JP is a-amidated before cleavage

of 16 K amino-terminal peptide [POMC(1-94)NH2], and

the remainder is cleaved before being a-amidated (6).

JP is the major amidated peptide produced by cleavage

of POMC in anterior pituitary corticotropes. In the an-

terior pituitary only a fraction of the /3-LPH is processed

further to j8-endorphin with a rather slow time course.

Cleavage of joining peptide from ACTH(1 -39) is essen-

tially complete before significant cleavage of /3-LPH to

/3-endorphin occurs. This late and partial cleavage of /3-

LPH produces a mixture of /3-LPH, /3-endorphin, and 7-

LPH. In the corticotropes of the anterior pituitary the

cleavage of POMC ends here.

Antibody Specificity

The specificity of the antisera for processed products

is critical to the interpretation of the staining patterns

observed (see Table 1). Therefore specificity was as-

sessed by immunoprecipitation as well as by immu-

Table 1. Specificities of Pro-ACTH/Endorphin Antisera8

POMC 0-LPH ABI ACTH 16K «JP 0-Endorphin Ref.

Danielle + + - - - - + 7
Rebecca + + - - - - + 43
Georgie + - + + + - 8
Kathy - - + + - - - 10
Jamie - - - - + " + - 9

a Positive binding (+) has been defined by immunoprecipitation
(as in Fig. 2), by cross-reaction in RIA at antibody concentra-
tions comparable to those used for immunocytochemistry, by
graded abolition of immunostaining in the presence of 10-200
nM peptide (6-10,43) and failure of irrelevant peptides to block
staining. Lack of binding (-) indicates lack of immunoprecipi-
tation at high antibody concentration, and failure to show any
signal in RIA.
6 Jamie detects POMC(1-94)NH2 but not POMC(1-95), both of
which are in the 16K pool originally defined by use of antibody
Georgie (6, 8, 9).
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2000

ACTH-group

endorphin-group

B-LPH

POMC

Slice Number

Fig. 2. Immunoprecipitation of Secretion Products from AtT-20 Cells

AtT-20 cells were incubated for 20 h in DMEM lacking phenylalanine and containing 60 fiM [3H]Phe (25 Ci/mmol) plus 10%

NuSerum. Equal aliquots (20 fi\ of the 200 n\ incubation medium) were immunoprecipitated with affinity-purified /3-endorphin

antiserum or affinity-purified C-terminal ACTH antiserum (~2 tig/m\). ACTH-group antibody Kathy (•) recognizes mature ACTH as

well as ABI (products of the first cleavage step), but not intact POMC; /3-endorphin group antibody Rebecca (A) recognizes POMC

as well as 0-LPH and /3-endorphin. Samples were analyzed by sodium dodecyl suifate gel electrophoresis, followed by elution and

liquid scintillation counting. The peaks of radioactivity have been identified previously by peptide mapping and microsequencing

(11). ACTH and gACTH, nonglycosylated and glycosylated ACTH(1-39); /S-endo, /?-endorphin(1 -31).

noassay (Kathy, Jamie). AtT-20 cells incubated in me-

dium containing [3H]phenylalanine secreted labeled

POMC as well as processed products into the medium

(Fig. 2). Even at the high antibody concentrations used,

the antiserum specific for the COOH-terminus of ACTH

detected ABI, glycosylated ACTH and ACTH and failed

to precipitate POMC (Fig. 2). Similarly stringent speci-

ficity was previously demonstrated for the a-amidated

JP antibody (6).

AtT-20 Cells as a Model System for the Cleavage

of POMC

In the anterior pituitary the corticotropes account for

only 2-10% of the total cells. AtT-20 cells, a mouse

anterior pituitary cell line, are known to synthesize

POMC and proteolytically cleave it to mature end prod-

ucts in the same way as the corticotropes in the normal

anterior pituitary. The pattern of immunoactive ACTH-

related molecules found in AtT-20 cells is very similar

to that shown for rat and mouse anterior pituitary

extracts (7-11). In addition, the cells are known to

package these products into morphologically recogniz-

able secretion granules (12) which are discharged by

regulated exocytosis (13, 14). Thus these cells repre-

sent a valid and convenient model system for cortico-

tropes of the anterior pituitary, and they are frequently

used for this purpose (11,14,15).

AtT-20 cells grown as a sparse monolayer form clus-

ters connected by elongated cell processes with dilated

tips (Fig. 3A). Hormone staining is most concentrated

in the dilated tips of the cells, but staining specific for

cleaved products from POMC is also present in perinu-

clear regions (16). By electron microscopy the cells are

seen to have abundant rough ER and an elaborate

Golgi complex which is organized into a stack of 4-6

cisternae (Fig. 3B). As in the case of other anterior

pituitary cell types (17-19), condensing, immature se-

cretory granules can often be found budding from the

last or transmost Golgi cisterna (Fig. 3B). This cisterna

is sometimes but not always set off from the stack, and

it is often more reticular and less platelike than the

stacked cisternae. It has been variously referred to as

the trans Golgi reticulum (20), trans tubular network

(21, 22), or trans Golgi network (23). Sometimes the

membrane of the budding granules has a cage-like coat

composed of clathrin and clathrin-associated proteins

(12). A few secretion granules in different stages of
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Fig. 3. AtT-20 Cells as Seen by Immunofluorescence and Electron Microscopy

A, Immunofluorescence localization of ACTH/ABI on a semithin (0.5 nm) frozen section demonstrating the distribution of secretion

granules which are most concentrated at the tips of the cell processes (arrows), but are also present elsewhere in the cell. Primary

antibody: Kathy. B, Golgi region of an AtT-20 cell showing two sets of stacked Golgi cistemae (Gc). Secretory granules can be

seen on one side of each of the stacks (arrows) which can be identified as the trans (trans) side based on the presence of the

granules. The cells also contain an endogenous murine leukemia virus (mlv) which can be recognized by its donut-shaped

appearance, cis, cis or entry side of the Golgi complex. C, Electron micrograph of a dilated tip from a cell process of an AtT-20

cell, showing abundant secretion granules (sg) which are the source of the bright fluorescence signal seen in A. Ultrathin section

from a culture fixed and embedded in the culture dish. A, x217; B, x30,000; C, x32,500.
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maturation typically are found scattered throughout the

cytoplasm, and mature granules are concentrated in

the dilated tips of the cell processes (Fig. 3C).

AtT-20 cells also produce an endogenous C-type

virus immunologically very similar to Rauscher and Mo-

loney murine leukemia virus (13, 24). The virus particles

are recognizable in electron micrographs and distin-

guishable from secretion granules by their donut-

shaped appearance (Fig. 3B).

Immunofluorescence Localization of POMC and its

Products

All cleavage products of POMC studied in this investi-

gation could be localized by immunofluorescence on

semithin (0.5-1 /*m) frozen sections of rat anterior pitui-

tary and AtT-20 cells. In AtT-20 cells, immunofluores-

cence staining was typically distributed throughout the

cytoplasm in a bright, punctate fluorescence pattern

but was most concentrated in the dilated tips of the cell

processes where the granules are located (Fig. 3A). In

the corticotropes of the anterior pituitary the brightest

fluorescence was seen along the cell border where the

granules are normally located.

POMC-Related Peptides are Found throughout the

Golgi Complex

In order to identify the intracellular compartments in-

volved in cleavage of POMC we employed immunoper-

oxidase and immunogold labeling techniques to follow

the distribution of POMC and several of its cleavage

products in the rat anterior pituitary and mouse AtT-20

cell line.

When antibodies (Georgie or Danielle) which detect

both the precursor POMC molecule and its processed

products were used in immunoperoxidase experiments

on AtT-20 cells, reaction product was seen throughout

the Golgi stacks as well as over mature and condensing

secretion granules (Fig. 4A). Within the Golgi complex,

reaction product appeared to be most concentrated in

the last cisterna on the trans or exit side of the stack

which is typically associated with forming secretion

granules. The same results were obtained by immuno-

gold labeling of ultrathin frozen sections of both AtT-20

cells and corticotropes of the rat anterior pituitary (Fig.

4B): Golgi cisternae and all secretion granules inde-

pendent of their stage of maturation were labeled with

colloidal gold. Also, counts of gold particles over mature

granules or over secretory protein condensing in the

trans Golgi cisternae indicated that the labeling density

was two to three times that in the cis and middle

cisternae. This is in keeping with the fact that consid-

erable {i.e. up to 200X) concentration takes place during

granule packaging in anterior pituitary cells (25). These

findings demonstrate that 1) POMC-related molecules

are found throughout the stacked Golgi cisternae, and

2) concentration of POMC and/or its products occurs

in the trans cisternae.

Processed ABI and ACTH Can Be Detected in the

Trans Golgi Cisternae

When antibodies (Kathy) which recognize only proc-

essed products (ABI and ACTH) but not POMC were

applied in immunoperoxidase experiments on AtT-20

cells (Fig. 5), reaction product was also regularly found

over the Golgi cisternae as well as over secretion

granules. In this case, however, staining of the Golgi

was limited to the last or transmost cisterna where the

reaction product was most concentrated over the se-

cretory protein condensing in their dilated rims (Fig. 5,

A and C). No labeling was seen in the remaining cister-

nae of the Golgi stack. Since the antibody used (Kathy)

is specific for products of the first POMC cleavage step

(ABI and ACTH), at least a fraction of the precursor

must have already undergone cleavage in the transmost

Golgi cisterna to create enough ABI and ACTH to be

immunodetectable. Both endoproteolytic and exopro-

teolytic (carboxypeptidase B-like) activity is required to

generate the antigenic determinant recognized by this

antibody.

These findings were confirmed by the immunogold

labeling technique carried out on ultrathin frozen sec-

tions of AtT-20 cells (Fig. 6A). Not only were all secre-

tion granules covered with gold particles, but also the

transmost Golgi cisterna was labeled, especially over

its dilated rims where condensing secretory protein was

visible.

The same findings pertain to corticotropes in situ in

the rat anterior pituitary: processed forms of POMC

could be detected in the dilated rims of the trans Golgi

cisterna of pituitary corticotropes (Fig. 6B). This indi-

cates that the findings are general and not the result of

aberrations in the secretory pathway in the tumor-

derived AtT-20 cells.

a-Amidated JP Can Also Be Detected in the Trans

Golgi Cisterna of Corticotropes

We took advantage of the availability of an antibody

(Jamie) which is highly specific for the a-amidated C-

terminal of JP to localize a product of POMC processing

whose formation requires endoproteolysis, exoproteo-

lysis, and a-amidation (6,9,26). In immunogold labeling

experiments on rat anterior pituitary corticotropes, we

found, once again, that labeling with gold particles could

also be detected in the dilated rims of the transmost

Golgi cisterna and was not restricted to the secretion

granules (Fig. 7). The distribution observed with the a-

amidated JP-specific antibody was very similar to that

seen with ACTH-specific antibodies. Since this antibody

only recognizes the a-amidated C-terminal of JP and

does not recognize POMC or nonamidated cleavage

products (6, 9) these findings indicate that three enzy-

matic steps; endoproteolysis, exoproteolysis, and a-

amidation, all begin in the transmost Golgi cisterna. It

follows that the transmost Golgi cisterna must contain

active forms of the enzyme(s) necessary for two se-

quential endoproteolytic cleavages of POMC and for
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Fig. 4. POMC-Derived Peptides can be Detected throughout the Golgi Complex

A, Immunoperoxidase labeling showing the Golgi region of an AtT-20 cell stained with Georgie (detects both POMC and 16 K

amino-terminal peptide). Two sets of stacked cisternae are present, and DAB reaction product is seen in all the Golgi cisternae

(Gc) (cis, middle and trans) and over a condensing secretory granule (arrow). The densest deposits occur in the transmost cisternae

and in the secretion granule. B, Immunogold labeling of an ultrathin frozen section of a rat pituitary corticotrope with Danielle

(recognizes POMC as well as /3-LPH and /3-endorphin). Gold particles (5 nm) are seen over several Golgi cisternae (Gc) as well as

over secretion granules (sg). Labeling is the heaviest over the secretion granules and over secretory protein condensing in the

trans Golgi cisterna (arrows). Only a few gold particles can be found over the Golgi cisternae (Gc), probably because this technique

is less sensitive than immunoperoxidase. A, x81,250; B, X70.000.

exoproteolytic trimming of basic residues from the

COOH terminus of peptide as well as the enzyme

responsible for a-amidation.

POMC Cleavage Products Are Packaged Together

in the Same Secretion Granules

It has been concluded, based on sequential staining of

serial sections (27, 28) and on their coordinate equi-

molar secretion (29), that all cleavage products of

POMC are packaged into the same secretion granules.

We used double immunogold labeling with two different

sizes of gold particles and antibodies directed against

different POMC cleavage products to determine

whether or not two different products could be detected

in the same granule. When |3-LPH/j8-endorphin (de-

tected by Danielle) and either ACTH/ABI (recognized

by Kathy) or the a-amidated C-terminal of JP (detected

by Jamie) were localized on the same ultrathin frozen

section of rat anterior pituitary, gold particles of both

sizes were found over all secretion granules in all ex-

periments (Fig. 8, A and B). We did not see secretion

granules labeled with only one size of gold particle, and

no gold particles were seen over secretion granules of

other pituitary cell types, e.g. mammotropes (Fig. 8),

somatotropes, or gonadotropes. These results directly

demonstrate the simultaneous presence of all of these

POMC products in the same secretion granule.

DISCUSSION

Taking advantage of antibodies that specifically recog-

nize POMC cleavage products but not the unprocessed

precursor, we have demonstrated the presence of proc-

essed ACTH, ABI, and a-amidated JP in the Golgi

complex as well as in secretion granules of AtT-20 cells

and rat pituitary corticotropes. We have further shown

that the processed products are restricted to a single

Golgi subcompartment; namely, the last or transmost

cisterna on the exit side of the stack. The processed

products were not seen in other Golgi elements or in

any other location. Our findings unambiguously dem-

onstrate that the transmost Golgi cisterna represents

the first station along the exocytic pathway where

endoproteolytic processing of POMC normally occurs.

Moreover, at least two endoproteolytic cleavage steps

as well as exoproteolysis and a-amidation can take

place in this compartment as indicated by the presence

of staining for the a-amidated C-terminal of JP in this
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Fig. 5. Immunoperoxidase Localization of POMC Cleavage Products (ACTH and ABI) in the Transmost Golgi Cisterna of AtT-20

Cells

A, The last cisternae on the trans side of the Golgi stack (Gc) contains DAB reaction product and condensing secretory protein.

Labeling is most dense over the forming granule (arrow). Several secretion granules (sg) are also heavily labeled. B, Another trans

Golgi cisterna containing detectable POMC cleavage products (arrow). It is surrounded by maturing secretion granules (sg) which

are also labeled. In this case the labeled trans cisterna is slightly set off from the stack and is less dilated than the remaining

cisternae. C, Several budding or condensing secretion granules (sg) present in dilations of trans Golgi cisternae are densely labeled.

All three specimens were reacted with Kathy. nu, Nucleus. A, x75,000; B, x50,000; C, X37.500.
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Fig. 6. Immunogold Labeling of Ultrathin Frozen Sections Demonstrating Products of POMC Cleavage in the Trans Golgi Cisterna

A, Golgi region of an AtT-20 cell. Colloidal gold is found over the dilated rim of a trans Golgi cisterna (arrow) containing condensing

secretory protein. Two maturing secretion granules (sg) are also heavily labeled with colloidal gold. The labeled Golgi cisterna is

set off from the Golgi stack (Gc) B, Golgi region of corticotrope from the rat pituitary. Secretory protein condensing within the

dilated rim of a trans Golgi cisterna is heavily labeled with colloidal gold particles (arrows). The surrounding secretion granules (sg)

are also heavily labeled. Sections incubated with Kathy. nu, Nucleus; mlv, murine leukemia virus; A, X43.700; B, X68.750.

location. This implies that the transmost Golgi cisterna

contains all the proteolytic enzymes necessary to ac-

complish these cleavages as well as the a-amidating

enzyme (9) and that these enzymes are active on the

peptide substrate.

The question of where proteolytic processing of pro-

hormones takes place is a long-standing one. Answers

have varied with cell type studied and method used ( 1 -

5, 15, 30-32) but are often based on comparative

kinetic data. However, the intracellular transit time of

individual proteins varies considerably. Recent data

indicate that most of the pregranule delay is created by

the variable time newly-synthesized proteins spend ma-

turing in the ER (t,/2 = 10 min to 1.5 h) (33), as transit

across the Golgi stack is rapid and similar from one

protein to another (t% = 10-15 min). Thus the question

of where in the cell proteolytic processing begins cannot

be solved by kinetic or cell fractionation data due to the

inherent limitations of these approaches. Like many

questions involving analysis of the Golgi complex (22,

34), this question can best be investigated by immu-
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,-M*

Fig. 7. Demonstration of the Presence of a-Amidated JP in the Trans Golgi Cisterna of Rat Pituitary Corticotropes

The dilated rim of a trans Golgi cisterna is labeled with colloidal gold particles (arrow). Secretion granules (sg) are also densely
labeled. Immunogold preparation of an ultrathin frozen section reacted with Jamie (specific for a-amidated JP). x62,500.

nolocalization of either the processing enzymes or of

the products in situ.

Toward this end we localized POMC products using

two different and complementary, preembedding im-

munocytochemical approaches carried out on alde-

hyde-fixed tissues, an immunoperoxidase method in

which the antibodies are allowed to diffuse into cryostat

sections which are subsequently embedded and sec-

tioned, and an immunogold labeling technique carried

out on ultrathin cryosections cut at liquid nitrogen tem-

peratures. The former has the advantage of higher

sensitivity due to the generation of DAB reaction prod-

uct, and the latter has the advantage that antigens are

uniformly exposed on the surface of the section. Our

results were identical with both techniques: processed

POMC cleavage products were regularly detected in

the transmost Golgi cisterna as well as in immature and

mature secretion granules. The only difference in the

results with the two methods was that more consistent

labeling of the trans cisterna was obtained by the

immunoperoxidase procedure due to its superior sen-

sitivity.

There have been only two other recent previous

studies in which the products of proteolytic processing

have been localized by immunoelectron microscopy.

Using an antibody specific for a final product peptide of

ELH, Fisher et al. (35) obtained evidence similar to ours

indicating that the ELH prohormone of Aplysia neurons

is processed in the transmost Golgi cisterna. On the

other hand, using an antibody specific for the C-terminal

of the B-chain of insulin, Orci et al. (3) obtained results

indicating that B-chain/C-peptide cleavage occurs in

clathrin-coated, immature secretion granules. Proc-

essed insulin was not detected in the stacked Golgi

cisternae. However, Davidson et al. (36) recently

showed that the initial cleavage of proinsulin is at the

C-peptide/A-chain junction, and the B-chain/C-peptide

cleavage occurs about 1 h after the initial cleavage of

proinsulin. The site of the initial C-peptide/A-chain cleav-

age remains open.

Characteristics of the Transmost Golgi Cisterna

The transmost cisterna on the exit side of the stack of

Golgi cisternae has been known for some time (19-22,

37) to have a variable and unusual morphology in that

it often but not always has a reticular, rather than a

plate-like organization. This region has been referred to

under a variety of names, including GERL (37), trans

Golgi reticulum (20), trans tubular network (21, 22), or

trans Golgi network (23). It was shown some time ago

that concentration of secretory proteins and granule
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Fig. 8. Double Immunogold Labeling Demonstrating the Presence of Several POMC Cleavage Products in the Same Secretion

Granules

A, Mature ACTH, detected with a 10 nm protein A-gold conjugate (arrowheads), and /3-LPH//3-endorphin, detected with 5 nm

protein A gold (arrows), are found over the same secretion granules. The latter are lined up along the cell membrane (cm) of the

corticotrope (CT). No labeling is seen over secretion granules (sg) of the adjoining mammotrope (MT). B, a-amidated JP, detected

with 10 nm protein A gold (arrowheads), and j8-LPH//3-endorphin, detected with 5 nm protein A gold (arrows), are found within the

same granules. No gold is seen over the secretory granules of the mammotrope (MT). X62.500.

formation begins in this cistema in anterior pituitary (17,

18) and in other cells (19). Recent evidence suggests

that this last Golgi cistema also represents the main

site for the sorting of proteins secreted along the reg-

ulated pathway from membrane proteins which are

delivered constitutively via a separate population of

vesicles (38) and that sorting occurs concomitantly with

formation of secretion granules (35, 38). The character-

istics often ascribed to this Golgi subcompartment are

that it is acid phosphatase-positive (17, 37), contains

sialyltransferase activity (22), and has an acidic internal

pH, at least in some cell types (39). This compartment

is also known to be very labile and to enlarge at the

expense of the stack under certain conditions, i.e. in

cells incubated under N2 (40) or in those infected with

viruses and incubated at low temperature (20 C) (41).

In spite of its variable and special morphology and of

claims to the contrary (37), there is no doubt that this

cisterna is a bona fide part of the Golgi complex, as it

is the site of granule packaging (17-19) which is a

traditional Golgi function, and it contains sialyltransfer-

ase activity (22) which is a classical Golgi marker en-

zyme (34, 42). The present results indicate that, in

addition to granule packaging and terminal glycosyla-

tion, initiation of proteolytic processing and a-amidation

can be added to the list of functions ascribed to this

late Golgi subcompartment.

Intracellular Sites of Postranslational Modifications

of POMC

Secretory proteins are known to move vectorially

through the cell (ER—»Golgi—^granules) and to undergo

modifications in transit. Based on the known intracel-

lular location of processing enzymes for N-linked gly-

coproteins (34, 42), it can be assumed that POMC is

synthesized and core glycosylated in the rough ER and

transported to the cis or entry side of the Golgi complex

where the oligosaccharides undergo trimming in transit

through the cis and middle Golgi cisternae, and terminal

glycosylation in transit through the trans Golgi cister-

nae. Based on the present observations, this is also

where proteolytic cleavage and a-amidation begin. In

the trans Golgi cisternae POMC and/or its products are
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sorted from membrane proteins and other secretory

proteins (38) and are concentrated and packaged into

secretory granules which are stored for variable periods

and eventually fuse with the plasma membrane and

discharge their contents by regulated exocytosis. Our

observations indicate that processing of at least some

of the POMC occurs in the trans Golgi cistema; how-

ever, since uncleaved POMC is found in mature gran-

ules at the cell periphery (32), processing must continue

in the granules as suggested by pulse-chase labeling

studies (43). Thus cleavage cannot be required for

packaging or sorting.

Based on analogies to other sorting operations, sort-

ing of ACTH and other regulated secretory proteins is

believed to be receptor mediated and to occur by virtue

of the interaction between a putative recognition signal

present in proteins directed along the regulated path-

way and a putative receptor present in the Golgi com-

plex (14, 15, 44). Some credence has been given to

this assumption by the recent isolation (44) of proteins

from Golgi fractions prepared from canine pancreas

that were shown to bind to several secretory proteins

(PRL, insulin) and to be present in the Golgi region of

AtT-20 cells by immunofluorescence. These molecules

are thus candidates for Golgi binding proteins or sorters

responsible for directing ACTH and other proteins into

secretion granules at the level of the trans Golgi cis-

tema. Further characterization of this region of the Golgi

is needed to understand the molecular mechanisms

involved in the multiple functions of this cisterna. This

remains a challenging problem for the future.

MATERIALS AND METHODS

Polyvinyl alcohol (mol wt = 10,000) and polyvinylpyrrolidone
(Mr = 10,000) were obtained from Sigma Chemical Co. (St.
Louis, MO). Protein A was purchased from Pharmacia (Pisca-
taway, NJ), gold chloride from Fisher (Fair Lawn, NJ), and
tannic acid from Mallinckrodt (St. Louis, MO). Glutaraldehyde
was from EM Sciences (Fort Washington, PA), and Epox 812
from Fullam (Latham, NY).

Fluorescein isothiocyanate-conjugated sheep anti-rabbit
F(ab')2 was obtained from Zymed (South San Francisco, CA),
and Fab fragments of sheep anti-rabbit immunoglobulin G (IgG)
conjugated to horseradish peroxidase (HRP) were purchased
from Biosys (Compiegne, France). Goat anti-rabbit IgG coupled
to 5 nm colloidal gold (GAR 5) was from Janssen Life Science
Products (Piscataway, NJ). Protein A-colloidal gold conjugates
(5 and 10 nm) were prepared as described by Slot and Geuze
(45).

Antibodies

The following affinity purified rabbit antibodies, which recog-
nize different portions of the POMC molecule (see Table I)
were used: Danielle (7) and Rebecca (43), which were raised
against ;8-endorphin(1 -31) and recognize POMC and /8-LPH on
an equimolar basis with /8-endorphin by immunoprecipitation
(Fig. 1); Georgie, which was raised against the 16 K amino-
terminal region of POMC and detects POMC as well as the 16
K amino-terminal peptide, and both the a-amidated and gly-
cine-extended forms of joining peptide (8, 9); Kathy, which
was raised against ACTH(25-39) (10) and recognizes mature

ACTH as well as ACTH biosynthetic intermediate (ABI), but
not intact POMC; Jamie, which is specific for the a-amidated,
C-terminal of JP (6, 9). Antisera were affinity purified using
peptide resins as described (6).

Preparation of Pituitary Tissue for Immunocytochemistry

Adult male Sprague-Dawley rats (150-200 g) obtained from
Charles River (Wilmington, MA), were anesthetized with ether,
and their thorax was opened by right and left paramedian
incisions. A 20-gauge needle connected to a syringe containing
the perfusate was inserted into the left ventricle, the right
auricle was opened, and the aorta was clamped just below
the diaphragm. The upper half of the rat was first flushed with
Dulbecco's Modified Eagle's Medium (DMEM) and then per-
fused with either 3% paraformaldehyde, 0.05% glutaraldehyde
in 0.1 M sodium phosphate buffer, or McLean and Nakane's
fixative (2% paraformaldehyde, 0.75 M lysine, 0.01 M sodium
periodate in phosphate buffer) (46). The pituitary was removed
and immersed in the same fixative for approximately 15 min,
after which it was cut into 1 -mm cubes. The latter were further
fixed for a total of 1 h (in the case of the paraformaldehyde-
glutaraldehyde fixative) or for a total of 4 h (in the case of
McLean and Nakane's fixative). Tissue to be processed for
immunoperoxidase was then cyoprotected by incubation in
10% dimethyl sulfoxide in PBS (1 h), frozen in isopentane at
-70 C (47) and stored in liquid nitrogen. Tissue to be proc-
essed for ultrathin or semithin cryosectioning was cryopro-
tected by infiltration (1 h) with 2.3 M sucrose in phosphate
buffer containing 50% polyvinylpyrrolidone, after which the
pieces were mounted on aluminum nails and frozen in liquid
nitrogen (48).

Preparation and Culture of AtT-20 Cells

AtT-20/D-16v cells were grown in DMEM supplemented with
10% horse serum in an atmosphere of 95% air, 5% CO2 and
were replated at 5-day intervals when they reached a density
of approximately 5 x 106 per flask. For individual experiments
they were plated onto 35-mm plastic tissue culture dishes and
cultured for 4-5 days.

For morphological studies, AtT-20 cells were fixed for 1 h
at room temperature with 2% glutaraldehyde in 0.1 M sodium
cacodylate buffer, pH 7.4. They were then postfixed at 4 C
with 1% osmium tetroxide in acetate-veronal buffer (1 h),
stained in block with 0.5% uranyl acetate in the same buffer
(1-2 h), dehydrated in ethanol, and embedded in Epox. All
fixation and embedding steps were carried out in the 35-mm
culture dish. After polymerization overnight (60 C), pieces of
the embedded cell layers were broken out of the culture dish,
mounted on Epox blocks, and ultrathin sections (60-80 nm)
were cut on a Reichert Ultracut E ultramicrotome. Sections
were stained with 2% uranyl acetate and lead citrate, and
micrographs were taken on a Philips 301 electron microscope
operated at 80 kV.

Cells to be processed for immunofluorescence labeling on
semithin (0.5-1 nm) frozen sections and immunogold labeling
on ultrathin frozen sections were harvested by scraping into
aldehyde fixative (3% paraformaldehyde, 0.05% glutaralde-
hyde in 0.1 M phosphate buffer). They were then pelleted in a
Beckman microfuge for 10 min, and fixation of the pellet was
continued for a total of 1 h. The pellets were cryoprotected in
sucrose and frozen in liquid nitrogen as described above for
pituitary tissue.

Immunoperoxidase Labeling of Pituitary Tissue

Immunoperoxidase labeling was carried out on cryostat sec-
tions (10-20 ^m) as described in detail elsewhere (47). In brief,
sections were incubated overnight at room temperature in one
of the primary antibodies described above (diluted in 0.1 M
PBS, 1% ovalbumin) followed by incubation for 2 h in Fab
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fragments of sheep anti-rabbit IgG conjugated to HRP (1:54).
They were then fixed in 1.5% glutaraldehyde containing 5%
sucrose (1 h), and reacted with diaminobenzidine. After com-
pletion of the peroxidase reaction the sections were postfixed
in 1% osmium tetroxide reduced with 1% ferrocyanide, dehy-
drated, and embedded in Epox. Ultrathin sections were stained
for 1 min in lead citrate and examined at 60 kV in a Philips
301 electron microscope.

Immunoperoxidase Labeling of AtT-20 Cells

Cells were fixed for 4-6 h in McLean and Nakane's fixative
(46) as in the case of pituitary tissue. Fixation and labeling
were carried out in the tissue culture dishes as described
previously (49). Briefly, the cells were permeabilized (0.005%
saponin in 0.1 M PBS, pH 7.4), incubated for 2 h at room
temperature with one of the antibodies described above (di-
luted in 0.1 M PBS containing 1% ovalbumin and 0.005%
saponin), followed by incubation for 2 h in Fab fragments of
sheep anti-rabbit IgG conjugated to HRP (1:50 dilution in 0.1
M PBS + 1 % ovalbumin +0.005% saponin). After washing the
cells were fixed in glutaraldehyde and reacted with diamino-
benzidine as done for pituitary tissue.

Immunofluorescence Labeling of Semithin Frozen

Sections

Semithin frozen sections (0.5-1 fim) were cut from pituitary
tissue or pellets of AtT-20 cells at - 70 C on an Ultracut E
ultramicrotome equipped with the FC-4E cryoattachment
(Reichert Scientific Instruments, Buffalo, NY) and transferred
to glass slides coated with poly-L-lysine (mol wt, 40,000; 1
mg/ml). They were then incubated for 2 h at 25 C with one of
the affinity-purified antibodies directed against different regions
of POMC (in PBS, 1 % BSA, pH 7.4), followed by incubation
for 1 h with FITC-conjugated sheep anti-rabbit F(ab')2 (1:50).
Stained sections were mounted in 90% glycerol in PBS con-
taining 0.1% p-phenylenediamine (to retard fading), examined
by epifluorescence illumination and photographed using a
Zeiss Photomicroscope III and Kodak Tri-X Pan (ASA 400)
film.

Preparation and Immunogold Labeling of Ultrathin Frozen

Sections

Ultrathin cryosectioning of AtT-20 cell pellets and rat pituitary

tissue was carried out on a Reichert Ultracut E equipped with

a cryoattachment at -110 C following the techniques of Tok-

uyasu (48, 50). Sections were transferred to hexagonal nickel

grids (200 mesh) which had been coated with formvar and

carbon. Subsequent incubations and washing steps were car-

ried out by floating the grids on droplets of the filtered solu-

tions. After quenching with 10% fetal bovine serum (FBS)

containing 0.01 M glycine (to block free aldehyde groups), the

sections were incubated for 1 h with one of the above-

described primary antibodies (diluted in PBS with 10% FBS),

followed by 5 nm colloidal gold conjugated to goat anti-rabbit

IgG (diluted 1:50). For double immunolabeling the sections

were first incubated for 1 h with Kathy (specific for processed

ACTH) followed by incubation in 10 nm protein A gold conju-

gate. Sections were then quenched with free protein A (0.1

mg/ml) and incubated with Danielle (recognizes the precursors

as well as the processed products) or with Jamie (specific for

the a-amidated C-terminal of JP) followed by 5 nm protein A-

conjugate. After labeling, the sections were postfixed in 2%

glutaraldehyde in PBS (10 min), stained with 2% osmium

tetroxide (15 min), followed by 2% acidic uranyl acetate (15

min), and finally absorption stained (5 min) with 0.002% lead

citrate in 2.2% polyvinyl alcohol as described by Tokuyasu

(50).
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