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AssTRACT The secretion of insulin by the pancreatic B-cell involves a passage of the newly
synthetized (pro)insulin polypeptides across the Golgi apparatus, at the trans pole of which
secretory proteins are released as a population of secretory granules characterized by a
clathrinlike coat on segments of their limiting membrane. When the conversion of radiolabeled
proinsulin to insulin was inhibited by replacing arginine and lysine with the aminoacid analogs,
canavanine and thialysine, the nonconverted radioactive material remained associated with
Golgi-derived, coated secretory granules. The coat was characterized as clathrin-containing
by immunocytochemistry. Under analog treatment, the noncoated, storage secretory granules
did not become markedly labeled during the pulse-chase experiment. These data are com-
patible with the hypothesis that in normal conditions, the maturation of the coated compart-

ment into noncoated granules is linked to the effective conversion of the prohormone.

Insulin formation involves the synthesis of pre-proinsulin (1)
by ribosomes on the rough endoplasmic reticulum, the co-
translational removal of the “pre” or signal sequence and the
posttranslational conversion of proinsulin to insulin. The
conversion process has been suggested to begin in the Golgi
complex (2, 3), and the comparison of the ratio of radiolabeled
cellular proinsulin/insulin with the time course of the intra-
cellular migration of radiolabeled protein, as detected by
autoradiography, has confirmed that proinsulin to insulin
conversion is initiated when the labeled polypeptides reach
the Golgi area (4-6). The Golgi complex releases at its trans
pole (for review, see reference 7) a population of newly formed
secretory granules that are identified morphologically by
coated membrane segments. The coated membrane, as the
dense secretory granule core, originates from the pinching off
of the extremities of dilated coated Golgi cisternae (6). The
coated secretory granules are the first granule population to
become autoradiographically labeled during a pulse-chase
experiment (6); in order to further probe the relationship
between proinsulin to insulin conversion and the transit of
the hormone through the Golgi complex and into coated
secretory granules, we have used an experimental procedure
designed to interfere with the normal processing of proinsulin
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polypeptides. This consisted in rendering the proinsulin mol-
ecule resistant to cleavage by the converting enzyme(s) upon
replacing the amino acids arginine and lysine with their
respective analogs, canavanine and thialysine (8, 9). Such
analog-modified proinsulin was shown not to be converted
by lysed islet cell secretory granules (8). Gel chromatography
and radioimmunoassay were used to measure the extent of
conversion of biosynthetically labeled proinsulin into insulin
and the release of these peptides from the B-cell; high resolu-
tion autoradiography allowed the visualization of the labeled
polypeptides in their intracellular location. The analog-mod-
ified proinsulin, which was secreted at a rate comparable to
that of insulin (9), was found to remain associated with coated
Golgi cisternae and coated granules derived therefrom. Coated
granules did not mature into noncoated granules as when
proinsulin was normally converted to insulin.

MATERIALS AND METHODS

Isolated islets of Langerhans from adult rats were obtained by the collagenase
method (10). Batches of 200 isolated islets were incubated for 1 h at 37°C in
Dulbecco’s modified Eagle’s medium, (Gibco Biocult, Paisley, Scotland) con-
taining 5 mg/ml BSA, deprived of arginine and lysine but supplemented with
1 mM S-2-aminoethyl cysteine (4-thialysine) and 1 mM canavanine (Sigma
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Chemical Co., St. Louis, MO); control islets were incubated in Dulbecco’s buffer, pH 7.4, 5 mg/ml BSA in the continued presence of analogs or native
modified Eagle’s medium containing 1 mM arginine and 1 mM lysine. After amino acids, respectively. Glucose concentration was 8.3 mM throughout the
incubation, analog-treated and control islets were labeled for 5 min with L-[4,5- preincubation and labeling periods.

3Hjleucine (1 mCi/ml, 62 Ci/mmol, Amersham Corp., Amersham, England) At the end of the labeling period, the tubes were placed on ice and the islets
in 0.5 ml Kreb’s Ringer bicarbonate buffer (KRB) containing 10 mM HEPES washed three times with ice-cold KRB-HEPES buffer containing 8.3 mM

FIGURE T Series of seven successive
sections of the Golgi region of a con-
trol B-cell. Serial sectioning shows
several secretory granules (the same
granule is identified by the same
number) on two or three successive
sections: a coat (indicated by arrows)
will almost invariably be present on
segments of each granule limiting
membrane. This demonstrates that
virtually all granules in the Golgi area
are coated. Besides the coat, coated
granules are characterized by a rela-
tively pale content and a narrow elec-
tron lucent halo. X 42,000.
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glucose. After being washed, batches of islets were taken for biochemical and
morphological analysis (see below), while the remaining islets were replaced in
complete Dulbecco’s medium (10% newborn calf serum) containing 8.3 mM
glucose but without analogs for a chase period of 85 min at 37°C. At the end
of the chase period, islets were washed and processed for biochemical and
morphological analysis. The culture medium was also analyzed biochemically
following centrifugation. Approximately 40 islets were taken for the biochem-
ical analysis and 20 for autoradiographic evaluation.

Biochemistry: To determine the proinsulin/insulin content, aliquots
of islets were suspended in 1 ml 0.2 M glycine containing 2.5 mg/ml human
serum albumin, pH 8.8, and sonicated (11). Both sonicated islets and chase
culture media were centrifuged to remove cell debris. The respective amounts
of labeled proinsulin and insulin were determined by quantitative immunopre-
cipitation as detailed previously (11). To separate proinsulin from insulin,
immunoprecipitated products were displaced from the immune complex with
1 M acetic acid containing 2.5 mg/ml BSA, 0.5% (vol/vol) Nonidet P-40

Figure 2 {A and C) Immunocytochemical demonstration of clathrin in the Golgi area of analog-treated B-cells. In A, gold
particles revealing the clathrin immunoreactive sites decorate the periphery of several secretory granules (indicated by arrows) in
the vicinity of Golgi cisternae (G). Arrowheads indicate the membrane of a trans Golgi cisterna labeled by gold particles. B is a
section without immunostaining showing a Golgi complex with secretory granule corelike material (arrows) in an expanded
cisterna characterized by a coat (asterisk) on part of its limiting membrane. The pinching off of the expanded region of the
cisterna is assumed to give rise to a coated secretory granule. C is a region comparable to that shown in B in a thin section treated
with an anticlathrin antiserum revealed by the protein A-gold. The membrane limiting the expanded Golgi cisterna that contain
secretory granule corelike material (asterisk) is distinctly labeled by gold particles (arrows). The other gold particles in the field
label coated vesicles. (A) X 33,000. {B) X 50,000. {C) % 41,000. Size of gold particles =15 nm.
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(Fluka, Buchs, Switzerland) and chromatographed on Sephadex G-50 Fine
(Pharmacia Fine Chemicals, Piscataway, NJ) (9).

Autoradiography: For autoradiography, aliquots of control and ana-
log-treated islets were pelleted, fixed in 2.5% cacodylate-buffered glutaralde-
hyde, postfixed in osmium tetroxide, and embedded in Epon. For each time
point, three or four isolated islets were thin-sectioned. Thin sections were
prepared and autoradiographed using Hford L, emulsion (12). Exposure time
was 4 wk. Following development of the emulsion with Microdol X (Eastman
Kodak), 12 pictures of B-cells were photographed randomly in each islet at x
21,600 to record autoradiographic grains (the magnification was calibrated with
a reference test grid, 2160 lines/mm, Fullam Inc., Schenectady, NY). The
distribution and frequency of the grains over the various intracellular compart-
ments were evaluated quantitatively by the probability circle method (13)
coupled to morphometry of the cell compartments (14). The radioactivity was
expressed as specific radiation label density (Rvi*), which represents the auto-
radiographic grain count per unit volume of a given compartment: Rvi* =
Gi/P(5-d*-T), where G, is the number of points of the 95% probability circle
falling on compartment i, P; the number. of points of the morphometric test
lattice falling on the compartment i, d is the point spacing of the morphometric
lattice, and 7T the section thickness. The data were based on the evaluation of
a total of ~8,000 silver grains. Background labeling was two to five grains per
1,000 gm?

Immunocytochemistry: The immunocytochemical localization of
clathrin (15) was carried out as follows: control and analog-treated islets fixed
with 1% cacodylate-buffered glutaraldehyde were processed for Lowicryl K4M

Ficure 3 Examples of autoradiographic labeling in control (A) and
analog-treated B-cells (B and C) after 85-min chase following a 5-
min [*H]leucine pulse. In control B-cells (A), most of the autoradi-
ographic reaction is situated over secretory granules (arrowheads)
characterized by a dense core separated from the limiting mem-
brane by a rather wide clear halo (cf. B); these are noncoated
storage granules; the arrows indicate two unlabeled coated gran-
ules. By contrast, in analog-treated B-cells following the 85-min
chase (B and C), most of the autoradiographic reaction is predom-
inantly associated with coated secretory granules (arrows); non-
coated granules in this field are not labeled (arrowheads); in C, the
coat on the limiting membrane of two radiolabeled coated secretory
granules is indicated by a dotted line. G, Golgi complex. The
quantitative evaluation of such autoradiographs is shown in Fig. 4.
(A) X 17,000. (B) x 25,000. (C) x 42,000.
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low temperature embedding (16). Thin sections picked on nickel grids were
floated overnight at 4°C in a moist chamber on drops of anticlathrin antiserum
(17) diluted 1:50. The antiserum (polyclonal) is directed against pig brain
coated vesicles (17). After washing, sections were incubated with the protein
A-gold solution (18) for | h at room temperature, washed again, and stained
with uranyl acetate and lead citrate.

RESULTS

Previous morphologic and autoradiographic studies of B-cells
in a pulse-chase experiment after [*H]leucine labeling (6) have
shown that the transit of labeled (pro)insulin polypeptides
from the compartment of synthesis (the rough endoplasmic
reticulum) to the compartment of hormone storage (the se-
cretory granules) involves a passage through the Golgi appa-
ratus and that the trans cisternae of this complex give rise to
a specific population of secretory granules characterized by
the presence of a clathrinlike coat (see below). These coated
granules are maximally labeled 30 min after a 5-min pulse,
and they subsequently shed their coat to mature into non-
coated storage granules who show a maximal labeling at 90
min postpulse (6). The time points evaluated in the present

- paper (i.e., 5 and 90 min after the beginning of the pulse)



correspond to conditions at which proinsulin to insulin con-
version is virtually nil and maximal, respectively.

Biochemistry

Analog treatment induced a marked block of the conversion
of proinsulin to insulin, in confirmation of previous experi-
ments with a 30-min pulse and a 3-h chase (9). While in
controls 78% of the immunoprecipitable material in the islets
was in the form of native insulin, this percentage decreased
to 11% in analog-treated islets. Also in agreement with pre-
vious experiments (9), the analog treatment did not affect the
release of either total (labeled and unlabeled) immunoreactive
insulin, or of labeled proinsulin/insulin products in the me-
dium (as compared to controls).

Autoradiography and Immunocytochemistry

Analog-treated B-cells showed no detectable ultrastructural
changes of the compartments involved in insulin processing
(i.e., RER, Golgi, coated granules, and noncoated granules)
as compared to controls; this was confirmed by morphometry
yielding in both conditions similar values of volume density
that were used to calculate the specific radiation label density
of these different compartments. The coated granules in con-
trol B-cells, as determined on the basis of the morphological
identification of the coat, represented ~10% of the total
(coated plus noncoated) secretory granule population (the size
of the sample evaluated was about 9,000 secretory granules
in 100 different cells). Serial sectioning of the Golgi area of
control and analog-treated B-cells showed that virtually all
granules present in this area were of the coated type (Fig. 1).
The immunocytochemical demonstration, with an anticlath-
rin antiserum (17) revealed by the protein A-gold method
(18), of the clathrinlike nature of the coat on coated Golgi
cisternae and coated secretory granules is illustrated in Fig. 2.
The pattern of radioactive labeling of the various intracellular
compartments evaluated, except at the rough endoplasmic
reticulum level, was altered in analog-treated B-cells (Fig. 3).
The quantitative evaluation of the radioactivity revealed an
accumulation of radioactivity in the Golgi apparatus at the
end of the 85-min chase, instead of its normal emptying
observed in controls (Fig. 4). The coated granule compart-
ment of analog-treated B-cells showed likewise a much more
intense radioactive labeling than that of controls at the end
of the 85-min chase. The noncoated granules, by contrast,
presented only a slight increase in labeling at the end of the
chase period, while at that time, in control B-cells, noncoated
granules represented the most intensely labeled intracellular
compartment (Fig. 4).

DISCUSSION

Following a pulse-chase experiment in presence of amino acid
analogs that become incorporated in the newly synthesized,
*H-labeled proinsulin molecule and render it resistant to
proteolytic conversion (8, 9), high-resolution autoradiography
revealed that a clathrin-coated compartment of the B-cell,
comprising both coated Golgi cisternae with condensing gran-
ule core material and coated secretory granules, remains
significantly labeled for up to 85 min postpulse. At this time,
in controls, most of the radioactivity is detected over the
noncoated, storage secretory granules; these granules show
only a low level of radioactive labeling during analog treat-
ment, This suggests that when the conversion of proinsulin
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FiGure 4 Quantitative evaluation of radioactive labeling of intra-
cellular compartments involved in the processing of {pro)insulin in
contral and analog-treated B-cells. The compartment identified as
Golgi complex comprises all cisternalfvesicular elements of the
Golgi apparatus. The coated granules were selected on the basis of
the morphological identification of a clathrinlike coat. Radioactivity
in each compartment was expressed as specific radiation label
density (Rvi*) that represents the radioactivity per unit volume of
the compartment considered (14). The asterisks on a given time
point of analog experiments indicate a value significantly different
(P < 0.001) from that of controls. In Rvi* plots of controls, all 5-min
values are significantly different from those of 90 min. In analog
experiments, the difference of the noncoated granule labeling
between 5 and 90 min was at the limit of significance (P < 0.05).
Data are means + SEM. and the differences between groups were
assessed with the Student’s t test for unpaired groups. The evalua-
tion of the radiation label density (Rvi’) measuring the radioactivity
in each compartment irrespective of its contribution to the cell
volume (14) gave similar results.

to insulin is prevented, the maturation of coated granules into
noncoated granules (upon shedding of the coat) is inhibited.
The finding that shedding of the coat from the coated granule
population failed to occur during analog treatment is com-
patible with the hypothesis that in normal condition, the
maturation of a coated membrane compartment into non-
coated secretory granules is linked to the conversion of proin-
sulin. The inhibition of conversion by the monovalent ion-
ophore monensin that blocks intracellular migration of pro-
teins also reveals the association of nonconverted proinsulin
with a clathrin-coated compartment similar to that described
in the present study (19). Biochemical data have previously
suggested that conversion proceeds at the secretory granule
stage (for review, see reference 20), and it is possible that the
signal for coat shedding is the attainment of a specific ratio
between precursor (proinsulin) and product (insulin, C-pep-
tide) when conversion normally takes place. This ratio would
not be reached with the protease-resistant, analog-modified
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proinsulin. The ultimate proof that the coated compartment
is the converting compartment will depend upon its isolation
and chemical characterization. The fact that the prospective
converting compartment appears marked by a clathrin coat
should render this feasible, as recently shown for a population
of coated vesicles isolated from pig brain by affinity separation
using anticlathrin-coated Staphylococcus aureus as a solid
immunoadsorbant (21). The present data also suggests that
conversion is not needed for the sorting out and release of
proinsulin polypeptides from the frans pole of the Golgi
apparatus into the coated secretory granules; furthermore, the
observation that analog-treated B-cells are able to release
nonconverted proinsulin at the same rate as untreated B-cells
secrete native proinsulin and insulin implies that the coated
granules can be involved in exocytosis.
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Note Added in Proof: In KM-embedded human pancreas we
have been able to localize, by immunocytochemistry with the protein
A-gold method, a human proinsulin-specific antiserum (Madsen O.
D., et al., Endocrinology, 1983, 113:2135-2144), which does not
cross-react with insulin. With this proinsulin-specific antiserum, an
intense immunolabeling was observed on clathrin-coated secretory
granules (326 + 10 gold particles/um?; three islets, 59 pictures eval-
uated) as well as on the condensing secretory material-in clathrin-
coated, expanded trans Golgi cisternae. By contrast, the labeling of
noncoated storage secretory granules (including pale granules) was
very low (27 + 6 particles/um?; three islets, 67 pictures evaluated).
This data represents a direct evidence that the proinsulin is a major
constituent of the coated granules and that the clathrin-coated com-
partment is a critical site of proinsulin conversion. A similar pattern
of immunolabeling was observed with this antiserum on rat tissue
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(Orci L., M. Ravazzola, and O. D. Madsen, unpublished results). The
proinsulin-specific antiserum should represent a useful marker for
the identification of the coated compartment to be isolated by im-
munoadsorption on anticlathrin-coated S. aureus.
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