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Summary. Insulin is both produced and degraded within the 
pancreatic Beta cell. Production involves the synthesis of the 
initial insulin precursor preproinsulin, which is converted to 
proinsulin shortly after (or during) translocation into the 
lumen of the rough endoplasmic reticulum. Proinsulin is then 
transported to the trans-cisternae of the Golgi complex where 
it is directed towards nascent secretory granules. Conversion 
of proinsulin to insulin and C-peptide arises within secretory 
granules, and is dependent upon their acidification. Granule 
contents are discharged by exocytosis in response to an appro- 
priate stimulus. This represents the regulated secretory path- 
way to which more than 99 % of proinsulin is directed in Beta 
cells of a healthy individual. An alternative route also exists in 
the Beta cell, the constitutive secretory pathway. It involves 
the rapid transfer of products from the Golgi complex to the 
plasma membrane for immediate release, with, it is supposed, 

little occasion for prohormone conversion. Even if delivered 
appropriately to secretory granules, not all insulin is released; 
some is degraded by fusion of granules with lysosomes (crino- 
phagy). Each event in the molecular lifestyles of insulin and its 
precursors in the Beta cell will be seen to be governed by their 
own discrete functional domains. The identification and char- 
acterisation of these protein domains will help elucidate the 
steps responsible for delivery of proinsulin to secretory gra- 
nules and conversion to insulin. Understanding the molecular 
mechanism of these steps may, in turn, help to explain defec- 
tive insulin production in certain disease states including 
diabetes mellitus. 
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The essential features of insulin synthesis 
and degradation in the pancreatic Beta cell 

Insulin biosynthesis by the pancreatic Beta cell involves 
the combination of the vectorial transfer of precursors 
from one organelle to the next, and the proteolytic con- 
version of these precursors. Insulin degradation within the 
Beta cell similarly involves an interorganelle transfer 
event (fusion of granules and lysosomes) followed by de- 
gradation (proteolytic attack). For both biosynthesis and 
degradation, it has become evident that insulin and its pre- 
cursors are not passive participants. On the contrary, they 
play a dominant role in their own fate by virtue of discrete 
functional domains which are essential features of their 
three-dimensional protein structure. This is an example of 
molecular self-determination. Other domains will clearly 
come into play once insulin has been released from the 
Beta cell, including most notably those implicated in bind- 

* Presented in part as the 25th Minkowski Prize Lecture at the 
EASD Annual Meeting. Copenhagen, September, 1990 

ing of insulin by its receptor, but these domains will only 
be discussed if and when they impinge upon the central 
topics of this Review. 

Before discussing each domain in detail, it is appropri- 
ate to recall the essential features of the insulin biosyn- 
thetic cascade, as outlined in Figure 1. Our knowledge of 
this pathway is based largely upon the pioneering mor- 
phological studies of Palade [1] and, more recently, and 
more specifically for the pancreatic Beta cell, the seminal 
work of Orci [2, 3]. Parallel studies on the biochemistry of 
insulin synthesis were initiated by the classic studies of 
Steiner showing that the two insulin chains are syn- 
thesised as a single chain, high molecular weight precur- 
sor, proinsulin and some years later, it was shown that 
proinsulin itself arises from a precursor, preproinsulin [4]. 
The linear array of the peptide domains of preproinsulin 
are shown in Figure 2, and the steps involved in its pro- 
cessing to proinsulin and thereafter to insulin are illus- 
trated in Figure 3. 

Insulin synthesis commences with the transcription of 
the insulin gene. Although transcription will not be dis- 
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Fig.l. The insulin biosynthetic pathway. The events leading from 
the conversion of preproinsulin to proinsulin in the lumen of the 
rough endoplasmic reticulum (RER), through to the storage of in- 
sulin in mature granules and its release by exocytosis are depicted in 
simplified form. Under normal circumstances more than 99 % of 
proinsulin will be directed to secretory granules for regulated re- 
lease. The maturation of the secretory granule is described in greater 
detail in Figure 4, and insulin degradation (crinophagy) is illustrated 
in Figure 6 
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Fig.2. The linear arrangement of the constituent peptides of pre- 
proinsulin. The pairs of basic amino acids linking the insulin chains 
to the C-peptide are shown in black 

cussed in any detail, there are a couple of features of this 
initial step in the synthetic cascade which merit our atten- 
tion. In the adult animal, transcription of the insulin gene 
appears to be restricted essentially to the pancreatic Beta 
cell [5]. The upstream cis-elements  and trans-acting fac- 
tors responsible for this exquisite tissue specificity are cur- 
rently the subject of active scrutiny. In addition to such 
specificity, transcription of the insulin gene is regulated by 
the cell's environment, and principally by glucose and cy- 
clic AMP [6]. The primary transcript of most insulin genes 
has two introns which must be excised before the mature 
m RNA can move to the cytoplasm for translation. Tran- 
scription, the gateway to insulin biosynthesis, is thus itself 
both regulated and dependent  upon the refinement of 
molecular information implicit in splicing of the primary 
transcript. 
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Post-transcriptional events in the insulin biosynthetic 
pathway have been the subject of a number of Reviews 
[2-4] and only the salient features will be recalled here. 
Translation of the insulin mRNA occurs on the Beta cell 
rough endoplasmic reticulum (RER).  Translation, like 
transcription, is regulated by a number of factors includ- 
ing glucose and cAMP [4, 6]. The nascent peptide chain is 
sequestered into the lumen of the R E R  and the signal pep- 
tide is cleaved by signal peptidase. Both events are dis- 
cussed in greater detail below in the context of the signal 
peptide structural domains. Proinsulin is transported from 
the R E R  to the cis-cisternae of the Golgi complex, and 
from one cisterna to the next, in small vesicles. By analogy 
with other cells, it is assumed that the formation of these 
vesicles depends upon a coating with [3-COP (coat pro- 
tein) [7], a protein displaying homology with one of the 
adaptins implicated in the coating of membranes with cla- 
thrin but not itself clathrin, and that they lose this coat be- 
fore fusing with the target organelle. How such vesicles 
find their way from one station to the next remains quite 
mysterious. It is known, however, that R E R  to Golgi 
transfer in the Beta cell is energy dependent [8] and that it 
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Fig.3. Processing of insulin precursors: (1) Preproinsulin is con- 
verted to proinsu]in by signal peptidase in the lumen of the rough 
endoplasmic reticulum. This occurs for the most part before transla- 
tion is complete; (2) The initial step in proinsulin conversion is its 
cleavage by an endoprotease at either the B-chain/C-peptide or the 
C-peptide/A-chain junction, followed by trimming of residual C-ter- 
minal basic amino acids by carboxypeptidase H. The products are 
the two possible split proinsulin conversion intermediates; (3) A sec- 
ond round of endoproteolytic attack and carboxypeptidase trim- 
ming of each of the two intermediates generates mature insulin and 
C-peptide 
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Fig.4. Maturation oftheBeta~cellsecretorygranule. Maturationin- 
volves removal of the clathrin coat and progressive acidification of 
the granule interior by action of all ATP-dependent proton pump. 
Such acidification assures an appropriate environment for full activ- 
ity of the conversion enzymes. There is indirect evidence to suggest 
that uncoating is dependent upon proinsulin conversion 

Table L Characteristics of regulated and constitutive secretory 
pathways 

Regulated Constitutive 
30 rain to days Transit time Approx. 20 min 
Yes Storage depot No 
Yes Control by secretagogues No 
Yes Proprotein conversion ?? 

The regulated secretory pathway involves packaging of a prohor- 
mone into granules, intragranular conversion, storage, or release in 
response to a secretagogue. The constitutive pathway involves the 
rapid, non-regulated release of products from secretory vesicles 
without the possibility of storage. Although some proproteins can be 
converted via the constitutive pathway, the extent of conversion of 
proinsulin if misrouted to the constitutive pathway has yet to be stu- 
died in detail 

is inhibited by agents which interfere with the cytoskele- 
ton [9]. Again by analogy with other cell types, we can 
assume that both RER-Golgi and inter-Golgi cisternal 
traffic are dependent upon G-proteins [10] and other 
accessory proteins [11, 12] including the N-ethylmalei- 
mide-sensitive fusion (NSF) protein [13]. The end-station 
of this particular series of transfer events is the trans- 
Golgi. 

The trans-Golgi, or trans-Golgi network [14], is the 
compartment in which proinsulin will become sorted to 
secretory granules [15], and as such destined for proces- 
sing and release via the regulated secretory pathway. This 
sorting event, which will be discussed further, is central to 
the normal differentiated function of the Beta cell [16] 
and, as such, to the well-being of the individual. The rea- 
son lies in the fundamental differences between the regu- 
lated and constitutive secretory pathways [16-18J as out- 
lined in Table 1. In the Beta cell, the regulated pathway 
involves packaging of proinsulin into secretory granules in 
which it will be converted to insulin [19]. The granules 
serve as the storage depot from which insulin (and resid- 
ual proinsulin) can be mobilised (by exocytosis) at the call 
of a secretagogue. If not secreted, insulin can be degraded 

769 

by fusion of granules and lysosomes (crinophagy) [20, 21], 
making the granular storage depot a second important 
Beta cell "crossroads". Even if a newly synthesised pro- 
insulin molecule can be secreted rapidly via the regulat- 
ed pathway, other proinsulin and predominantly insulin 
molecules may reside in the storage depot for days before 
being released or degraded. What a contrast to the con- 
stitutive pathway, in which newly synthesised proteins are 
introduced into small secretory vesicles to be rapidly (esti- 
mated transit time from Golgi complex to plasma mem- 
brane of the order of 10-20 min [17,18, 22]) and invariably 
(i. e. without the possibility for modulation by secreta- 
gogues) discharged by exocytosis. There is no storage 
depot in the constitutive pathway, and no degradative 
compartment emanating from this pathway has been de- 
scribed. It is, however, possible to envisage the fusion of 
constitutive secretory vesicles with a lysosomal compart- 
ment in much the same way as endosomes can deliver 
their contents to lysosomes. 

Proinsulin is concentrated in regions of the trans-Golgi 
identified by the presence of a clathrin coat on their cyto- 
solic face [2, 3]. The physiological role of clathrin in the 
context of secretory pathways remains unclear, but it is as- 
sumed that it must be implicated in the formation of 
vesicles/granules from the trans-Golgi. Intriguingly, cells 
with the regulated pathway display a unique pattern of 
clathrin light chain isoforms, which in itself suggests a spe- 
cial sort of clathrin-coating for the regulated secretory 
pathway [23]. The earliest detectable (immature) gra- 
nules still carry a partial coating of clathrin on the cyto- 
solic face of their limiting membrane [2, 3]. Although 
there has been the suggestion of precocious conversion of 
proinsulin to a partially cleaved intermediate in the Golgi 
complex [24], it is generally accepted that the bulk of con- 
version to insulin arises within immature granules [19]. 
Conversion of proinsulin is not an isolated event. Rather, 
two other changes to the immature granule occur at the 
same time: removal of the clathrin coat and acidification 
of the granule milieu (Fig. 4). Granule acidification is the 
responsibility of an ATP-dependent proton pump [25], 
and in the Beta cell, the mature granule is more acidic than 
its immature counterpart [3]. The conversion enzymes dis- 
play an acidic pH optimum (although one of the candidate 
endoproteases is quite active even at neutral pH [24]) and 
such ATP-dependent acidification of the granule milieu is 
therefore a prerequisite for efficient conversion [26]. The 
loss of the clathrin coat may, in turn, be dependent upon 
conversion. If conversion is blocked (by the incorporation 
of analogues of arginine and lysine into newly synthesised 
proinsulin), so is clathrin uncoating [27]. How conversion 
and uncoating are linked (if indeed they are) is unclear. If 
one assumes that the cytoplasmic tail of the putative "sort- 
ing" receptor (the nature of which wilt be discussed in de- 
tail below) is bound by adaptins and in turn clathrin, it is 
possible to imagine release of proinsulin from the receptor 
(due to acidification and/or conversion) causing a structu- 
ral change transmitted to the cytoplasmic tail with conse- 
quent loss of clathrin. 

Delivery to constitutive vesicles is presumed to be by 
default; if a secretory or integral membrane protein has 
not been selected for another destination (return to the 
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ER, retention in the Golgi complex, dispatch to lyso- 
somes, etc) then it will end up in constitutive vesicles [17, 
18]. The constitutive pathway is thus typically viewed as a 
rather non-specific dustbin. Yet when one considers its 
central role in delivering proteins, including receptors, to 
the plasma membrane, and in the secretion of a large spec- 
trum of proteins, it is evident that such a view fails to do 
this pathway justice. 

Conversion of prohormone to hormone is considered a 
prerogative of the regulated pathway, and is commonly 
thought not to occur if a prohormone should find itself se- 
creted by the constitutive pathway [17, 18]. If proinsulin 
were to be diverted to the constitutive pathway, it is thus 
assumed that it would be rapidly released in the unpro- 
cessed form. As we shall see, this prediction has important 
implications for our understanding of Beta-cell function 
in health and disease. This may, however, be a gross over- 
simplification. The constitutive pathway is not enzymati- 
cally inert. Proteins handled by this pathway are thus 
known to be processed in much the same way as a prohor- 
mone in secretory granules. Two examples will suffice. 
Proalbumin to albumin conversion involves cleavage at a 
pair of basic residues [28], and conversion of the insulin 
proreceptor to the mature o~- and [~-subunits involves 
cleavage at a site presenting four basic residues [29]. In 
both these cases, mutations altering just one of the basic 
amino acids inhibits conversion in vivo (in man) [28, 29]. 
Although just where such conversion occurs (Golgi com- 
plex or constitutive vesicles) and what enzymes are in- 
volved remain unclear, it is already apparent that there is 
considerable overlap in the conversion machinery of the 
regulated and the constitutive pathways [30, 31], and cur- 
rent experiments in our laboratory would suggest that 
proinsulin itself may be subject to limited conversion 
when it is synthesised in transfected hepatoma cells which 
express only the constitutive pathway (Vollenweider and 
Halban, unpublished data). 

Release (exocytosis) of both constitutive vesicle and 
secretory granule contents occurs by fusion with the plas- 
ma membrane [2, 3, 17, 18]. For the purposes of this 
Review it will be necessary only to recall the dramatic 
difference in kinetics of release by the two secretory path- 
ways and the fact that proinsulin is expected to be the 
major secretory product of the constitutive pathway and 
insulin of the regulated pathway. 

exemplified by the demonstration that even point muta- 
tions can lead to impaired translocation and/or prevent 
cleavage by signal peptidase [36]. 

If targetting to the R E R  or translocation across the 
RER membrane were to be impaired by a mutation, pre- 
proinsulin would be synthesised on free ribosomes and 
discharged to the cytosol. Such mutant preproinsulin 
would most probably be degraded quite rapidly, since it 
would be considered as an abnormal cytosolic protein; in 
any event it would not be secreted. By contrast, a change 
only to the domain recognised by signal peptidase would 
lead to the appearance of unprocessed preproinsulin in 
the lumen of the RER. It is probable that such mutant, un- 
processed preproinsulin would be recognised as a "faulty" 
product leading to its destruction in the "pre-Golgi" de- 
gradative compartment. Although the precise location of 
this compartment remains unclear, it is thought to be ac- 
tive in most cells and serves as a quality-control filter for 
newly synthesised secretory proteins [37]. 

Structural domains of proinsulin 

The folding of newly synthesised proinsulin. Preproinsulin 
is translocated across the ER membrane in an extended 
form. After removal of the signal peptide and completion 
of translation it is expected, by analogy with other se- 
cretory proteins, that proinsulin will start to assume its 
secondary and tertiary structure within the RER. Al- 
though disulphide bridge formation and even correct fold- 
ing into native tertiary configuration can occur for many 
proteins (including proinsulin) in free solution, within the 
RER these events depend upon the interaction of the se- 
cretory protein with resident ER proteins [38-40]. These 
include protein disulphide isomerase (PDI), an enzyme 
implicated in disulphide bridge formation [41] and 
GRP78 (BiP) a protein often implicated in the folding of 
proteins [38, 39]. The relevance of these proteins to pro- 
insulin folding in the RER of the Beta cell remains untest- 
ed experimentally. 

The first structural domains of proinsulin to become in- 
volved in the synthetic pathway will thus be those required 
for recognition by or association with the relevant ER 
resident proteins. The nature of these domains remains 
unknown at present. 

Structural domains of insulin and its precursors 

The signal peptide of preproinsulin 

Signal peptides of secretory proteins must present three 
major functional domains essential for: (1) binding to the 
signal recognition particle; (2) translocation across the 
membrane of the RER; (3) presentation for cleavage by 
signal peptidase [32, 33]. Although the comparison of the 
primary sequences of signal peptides from a variety of pre- 
proteins fails to indicate any obvious consensus there is a 
well-established general requirement for an acidic N-ter- 
minus, a hydrophobic central domain and a polar C-termi- 
nal region [34, 35]. The dependence upon these domains is 

Targetting to the secretory granule (regulated pathway). 
The Beta cell normally sorts more than 99 % of newly syn- 
thesised proinsulin to secretory granules for regulated re- 
lease [42]. Although the precise mechanism of this sorting 
event remains to be elucidated, a working model can be 
proposed based upon a variety of experimental data. At 
the morphological level, Orci demonstrated some years 
ago that proinsulin can be found localised to the inner face 
of Golgi membranes, suggesting the possibility of its asso- 
ciation with a receptor [43]. This receptor would be in- 
volved in targetting to the regulated secretory pathway. 
The penultimate event before granule formation is the ap- 
pearance of proinsulin concentrated in regions of the 
trans-Golgi distinguished by the presence of clathrin on 
the cytosolic face of their membranes [2, 3]. These regions 
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Fig.5. Role of proinsulin domains in 
trafficking and processing. It is suggested 
that the "sorting" domain(s) of pro- 
insulin is recognised in the trans-Golgi by 
a receptor responsible for targetting 
proinsulin to granules, and the regulated 
secretory pathway. Such receptors have yet 
to be identified in any secretory cell type. 
Once in granules, the "conversion" 
domain(s) will allow for the complete 
conversion of proinsulin to insulin. The 
overall result will be the regulated release 
of insulin. Alterations to these domains will 
lead to faulty targetting and/or conversion 
as shown under Mutant A (mutation of the 
"sorting" domain) and B (mutation of the 
"conversion" domain). It is assumed that 
any proinsulin diverted to constitutive 
secretory vesicles will not be converted; 
some conversion may nonetheless occur in 
these organelles 

then bud off to form the immature, clathrin-coated gra- 
nule. The resemblance to receptor-mediated endocytosis 
of hormones via clathrin coated pits is quite striking [2], 
and strengthens the concept of targetting to granules 
being a receptor-mediated event. However attractive the 
theory, the putative regulated pathway receptor has 
proved to be quite elusive and has yet to be identified. The 
only promising candidates (members of a 25 kilodalton 
family of proteins found only in cells expressing the regu- 
lated pathway) [44] have subsequently been found not to 
possess all the features expected of the receptor. They are, 
indeed, not even membrane bound. One reason why it has 
proved so hard to identify this elusive receptor may be its 
very nature. Based upon a series of experiments involving 
the expression of foreign secretory proteins in regulated 
secretory cells (including proinsulin in cells of the AtT20 
transformed pituitary corticotroph line [45]), it must be 
concluded that the "receptor" will display extraordinarily 
broad specificity. It must thus be able to recognise most if 
not all proteins destined for the regulated pathway and yet 
remain sufficiently selective to exclude inappropriate pro- 
teins from the target pathway. The problem is further con- 
founded by the fact that although a consensus domain on 
prohormones sorted to the regulated pathway by trans- 
fected AtT20 cells has been identified [46] it is not known 
whether it is of any relevance to the sorting process. Fi- 
nally, it is known that proteins in secretory granules con- 
dense to form electron dense material. Such condensation 
can certainly occur in the trans-Golgi and even in the RER 
under exceptional circumstances [47], which has led to the 
hypothesis that condensation is an essential feature of the 
sorting process [18]. Does the receptor have to recognise 
such condensed material? If so, the structural domains 
presented on the solvent-face of protein aggregates would 
be the ones of interest. Until we understand how proteins 
aggregate in the secretory pathway it will not be possible 
to predict for any given protein (including proinsulin) just 
which regions of the molecule will be implicated in such 
structural domains. 

Even if the sorting machinery is not yet well under- 
stood, it will become apparent from the above discussion 
that there will certainly be structural constraints imposed 
upon a protein destined for the regulated pathway. It 
must, most probably, be able to condense in an aggregated 
form within the trans-Golgi (or possibly at an earlier step) 
and some feature(s) of the condensed product must be 
recognised by the proposed receptor for targetting to gra- 
nules. How can we determine which regions of the proin- 
sulin molecule are involved? The most obvious approach 
is to examine the handling of mutant proinsulin molecules 
in the secretory pathway. The predicted outcome of such 
experiments is depicted in Figure 5 (Mutant A). If the mu- 
tation in question alters a domain important for aggrega- 
tion/condensation or binding by the regulated pathway re- 
ceptor (and these domains may turn out to be one and the 
same) then the modified proinsulin molecule should no 
longer be targetted to secretory granules. It should, on the 
contrary, be secreted via the constitutive pathway. 

At the practical level, such experiments depend upon 
expressing the mutant proinsulin gene following its trans- 
fection into suitable cells. The chosen cells must be trans- 
formed to facilitate transfection and selection of stable 
clones. It is merely assumed that the cell lines employed 
for this purpose will be truly representative of the situ- 
ation within the native Beta cell. The observation of al- 
tered handling of proinsulin in transformed Beta cells (see 
below), certainly raises questions about the validity of 
extrapolating data from transformed non-Beta cells. 
Nonetheless, using such an approach, it has been shown 
that the C-peptide is not required for efficient sorting to 
granules in transfected AtT20 cells [48]. Indeed, to date 
only one mutant proinsulin has been shown to be poorly 
sorted to the regulated pathway. It was first identified 
when the mutant allele from a patient with an unusual 
form of familial hyperproinsulinaemia was sequenced, 
Unlike other cases in which one of the basic residues in- 
volved in proinsulin conversion had become substituted 
(see below), a single amino acid substitution was found far 



772 

removed from the two sites of conversion. This mutant 
proinsulin was predicted to have aspartic acid rather than 
histidine at position 10 of the insulin B-chain. In parallel 
studies, Steiner's group expressed the mutant (B10 Asp) 
human insulin gene in transgenic mice and then studied its 
handling in the islets of these mice [49]; we opted to ex- 
press the B10 Asp rat insulin II gene in transfected AtT20 
(pituitary corticotroph) cells [50]. Both studies showed 
that B10 Asp proinsulin is partially diverted from the 
regulated to the constitutive pathway, and this has been 
confirmed in an independent study of AtT20 cells trans- 
fected with the mutant human proinsulin gene [51]. The 
B10 Asp mutation does thus indeed behave like Mutant A 
in Figure 5. It is important to stress, however, that the 
diversion of B10 Asp proinsulin is only partial (repre- 
senting some 20-30% of newly synthesised mutant pro- 
insulin) and that there seems to be extensive pre-Golgi 
degradation of the mutant molecule [49, 50]. The data do 
implicate B10 His in the normally efficient targetting of 
proinsulin to granules. We are, however, still far from un- 
derstanding the precise role of this residue. The only sug- 
gestions to date [49, 50] are inspired by our knowledge of 
the physico-chemical and biological properties of the in- 
sulin molecule outside of the Beta cell. They may well 
have no significance for the handling of proinsulin in the 
Beta cell secretory pathway. B10 His is, thus, known to be 
essential for the co-ordination of Zn + + required for in- 
sulin (and, it is presumed, proinsulin) hexamerisation [52, 
53]. Could it be that the formation of Zn-proinsulin hexa- 
mers is important for targetting to the regulated pathway? 
It is important to distinguish here between the essentially 
anarchic aggregation of a protein leading to its precipita- 
tion and thus its condensation, and the highly organised 
molecular interactions involved in protein oligomerisa- 
tion. Insulin may be relatively unusual in being able to oli- 
gomerise in an ordered fashion, and this may be of greater 
relevance to storage in the crystal state (see below) than to 
targetting in the trans-Golgi. The second hypothesis to ex- 
plain the unusual handling of B10 Asp proinsulin in se- 
cretory cells is based upon studies on the biological activ- 
ity of insulins modified at this site. B10 Asp insulin is 
bound more avidly by the insulin receptor than is native 
insulin [54]. This has led Steiner and colleagues [49] to 
postulate that B10 Asp proinsulin is bound by nascent 
insulin receptors in the trans-Golgi. Native proinsulin 
would, by contrast, not be bound in this way. The insulin 
receptor is destined for the cell surface to which it will be 
delivered in constitutive vesicles. It is thus suggested that 
B 10 Asp proinsulin is "hij acked" by the insulin receptor to 
the constitutive pathway. A major assumption intrinsic to 
this hypothesis is that the insulin proreceptor will have 
been cleaved (a prerequisite for binding insulin) in the 
trans-Golgi - this has never been demonstrated. Experi- 
ments are currently under way to test these two hypo- 
theses. We (Gross, Villa-Komaroff and Halban, unpub- 
lished data) and others [51] have thus found that B9 Asp 
proinsulin is well sorted into the regulated pathway in 
transfected AtT20 cells. This mutant proinsulin cannot 
even dimerise (due to charge interference on the neigh- 
bouring proinsulin monomer [55]), yet alone form hexa- 
mers. Its secretion by the regulated pathway would sug- 
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gest that oligomerisation is not a prerequisite for sorting. 
This is not particularly surprising since guinea-pig insulin, 
which displays asparagine instead of histidine at position 
B10, cannot form Zn-hexamers and yet seems to be tar- 
getted perfectly well to secretory granules. 

Interpretation of the data for the sorting of B10 Asp 
proinsulin is, however, complicated by our recent obser- 
vation that in one particular clone of AtT20 cells trans- 
fected with the B10 Asp mutant gene there was no detect- 
able diversion whatsoever to the constitutive pathway 
[56]. This clone produced 50-times more immunoreactive 
insulin than the previous clones studied. It is possible that 
the higher local concentration of the mutant proinsulin in 
the trans-Golgi prevents the partial diversion seen in the 
other clones. This in turn suggests that B10 Asp proinsulin 
may have different aggregation/condensation properties 
than native proinsulin, resulting in the escape of some 
non-aggregated proinsulin to the constitutive pathway un- 
less the local concentration of the mutant form is exceed- 
ingly high. 

Expected features of the "sortbzg " domain. Based upon the 
above considerations, we can predict what features to ex- 
pect of the structural domain(s) implicated in the sorting 
of proinsulin to the regulated pathway. It is assumed that 
proinsulin molecules must aggregate in the trans-Golgi. 
This condensation event is regarded as being different 
to oligomerisation, but it cannot be excluded that the 
proinsulin hexamer condenses more effectively than 
monomeric proinsulin. The structural domains important 
for condensation must ensure that aggregation of proin- 
sulin molecules results in presentation of hydrophobic do- 
mains at the surface of the aggregates, thereby facilitating 
precipitation in an aqueous environment. Both the sites of 
contact between proinsulin molecules and those domains 
to be found at the surface of the aggregates will thus play 
equally important roles. Proinsulin is not the only mole- 
cule destined for the secretory granule. On the contrary, 
the granule is known to contain a complex mixture of pro- 
teins, including the conversion enzymes [57]. The co-con- 
densation of proinsulin with these other granule consti- 
tuents is clearly likely although not mandatory [18]. It is 
also possible that other accessory (chaperone) proteins 
serve to promote condensation. Proinsulin may therefore 
present structural domains necessary for interaction with 
other proteins. Finally, even if a specific "regulated path- 
way receptor" has yet to be identified, its existence re- 
mains entirely in keeping with everything that is known 
about the sorting process. It is thus possible that one 
proinsulin domain may be recognised by the putative re- 
ceptor. Such a domain could well be the same as the one 
proposed for the region of the molecule exposed to the 
solvent when proinsulin is in a condensed state. 

It will be apparent from this discussion that the local en- 
vironment, in its most general context, will be critical for ef- 
fective proinsulin sorting. This will include not only the 
other proteins destined for the secretory granule, and the 
putative receptor, but also the ionic environment. It is thus 
more than likely that the local pH and the concentration of 
divalent cations will affect the physico-chemical state of 
proinsulin. If, as has been suggested, proinsulin can hexa- 
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merise in the trans-Golgi, this would require an adequate 
concentration of Zn ++ [53]. By analogy with other se- 
cretory proteins, proinsulin condensation may depend 
upon the local Ca + § concentration [58]. The presence of 
negatively charged regions which become masked by dival- 
ent cations may thus be an additional feature of the sorting 
domain(s). The study of the proinsulin "sorting" domains 
and of the sorting machinery itself will be greatly facilitated 
by the use of cell-free model systems [58, 59]. 

Conversion of proinsulin to insulin. Proinsulin has two 
pairs of basic residues at which cleavage must occur to 
generate mature insulin: Arg.Arg links the insulin B-chain 
to C-peptide, and Lys.Arg the C-peptide to the A-chain 
[4]. Two endoproteases are thought to be involved in 
proinsulin cleavage, with each displaying a preference for 
just one of the two conversion sites [24]. The complete 
conversion of proinsulin (Fig. 3) involves cleavage at one 
or the other of the two sites, followed by trimming of resid- 
ual C-terminal basic residues by carboxypeptidase H [60]. 
A second round of endoprotease cleavage and carboxy- 
peptidase trimming then generates mature insulin [4, 24]. 
It will be interesting to see to what extent the prohormone 
endoproteases of the regulated pathway differ from their 
counterparts in the constitutive pathway and whether 
there are cell-type specific endoproteases. The mamma- 
lian equivalents of the yeast KEX2 endoprotease are cur- 
rently being cloned. Three gene products have been iden- 
tified to date. Furin [61] is thought to be the conversion 
endopeptidase of the constitutive pathway, whereas the 
two "PC" endopeptidases are believed to be responsible 
for prohormone conversion in the regulated pathway [62, 
63]. 

The structural domains of the proinsulin molecule im- 
plicated in its conversion although far from being totally 
defined, are certainly better understood than those in- 
volved in its sorting to the regulated pathway. The mini- 
mal requirements are that a pair of basic residues is pres- 
ent at the site of cleavage. This was confirmed by replacing 
Arg and Lys in newly synthesised proinsulin with the anal- 
ogues canavanine and thialysine [64]. The conversion of 
the modified proinsulin was severely compromised. The 
replacement (by site-directed mutagenesis) of just one of 
the two arginines at the B-chain/C-peptide junction with a 
glycine prevented cleavage by semi-purified conversion 
endoproteases [65]. Finally, there have been a small num- 
ber of cases of familial hyperproinsulinaemia in which just 
one basic amino acid at one of the two conversion sites has 
been shown to be replaced, leading to the appearance of 
partially cleaved proinsulin in the circulation [66]. 

By analogy with the conversion of other prohormones, 
it was predicted that merely having a pair of basic residues 
on the surface of proinsulin would not in itself be sufficient 
to ensure endoproteolysis. This has been confirmed ex- 
perimentally. As for the study of the "sorting" domains, it 
has also been possible to probe the "conversion" do- 
main(s) by introducing mutations into the insulin gene by 
site-directed mutagenesis, and then following conversion 
kinetics after transfection of the mutant gene into an ap- 
propriate secretory cell [67]. A change to the "conver- 
sion" domain should lead to the regulated release of the 
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mutant proinsulin (see Mutant B, Fig. 5). For the purposes 
of these studies it has again been assumed that the cell 
type used for transfection is truly representative of the 
natural situation within the Beta cell secretory granule; 
this has yet to be verified experimentally. Even if the con- 
version machinery may not be "universal", as exemplified 
by the tissue-specific generation of unique conversion 
products arising from a single, common, precursor (i. e. 
the tissue specific cleavage of proopiomelanocortin 
(POMC) [68]), the conversion of a prohormone in an ec- 
topic site is not uncommon. Proinsulin can thus be con- 
verted to insulin in transfected AtT20 cells [45, 50, 67], and 
POMC can be cleaved at discrete sites if expressed in 
transformed Beta cells (RIN cells) [69]. 

The comparison of all known C-peptide sequences 
showed a remarkable conservation of an acidic domain 
immediately after the B-chain/C-peptide junction. If this 
domain (consisting of the first 4 amino acids of C-peptide) 
is deleted, conversion of the mutant proinsulin in trans- 
fected AtT20 cells is inhibited. As predicted for a mu- 
tation only affecting conversion, but not sorting to the 
regulated pathway, this particular mutant proinsulin is 
released via the regulated pathway (Mutant B, Fig. 5). It is 
important to stress that this mutant proinsulin still has the 
normal complement of basic amino acids at the two con- 
version sites. It is therefore concluded that the deleted C- 
peptide domain must be implicated in the presentation of 
the basic residues to the endoproteases. The removal of a 
major segment of C-peptide has also been shown to pre- 
vent conversion by endoproteases in vitro [65]. 

Regions of the proinsulin molecule possibly implicated in 
the "conversion" domain. It will be seen that conversion 
depends in an absolute fashion upon the presence of the 
appropriate pairs of basic residues at the two sites of con- 
version. In addition, it is proposed that there will be other 
regions of the proinsulin molecule which will be impli- 
cated in the presentation of the conversion sites to the 
endoproteases. One such domain seems to lie just after 
the B-chain/C-peptide junction. Based upon nuclear mag- 
netic resonance studies of proinsulin structure in solution, 
it has been proposed that a characteristic kink in the 
proinsulin molecule, referred to as the "CA knuckle", 
could be involved in presentation of the C-peptide/ 
A-chain conversion site [70]. The inspection of the hypo- 
thetical three-dimensional structures of many diverse pro- 
proteins does not reveal any peculiar domains aside from 
pairs of basic residues typically appearing in regions with 
a high probability of forming ~-turns adjacent to those 
predicted to assume a highly ordered tertiary structure 
(i. e. o~-helix) [71]. The perturbation of these putative 
"presentation" domains of other prohormones does in- 
deed inhibit their conversion [72]. Nature has provided us 
with an interesting situation for the direct comparison of 
the kinetics of conversion of two proinsulins in their natu- 
ral setting. The two non-allelic rat insulin gene products 
differ at two residues in the C-peptide and two in the 
B-chain. Proinsulin I is known to be converted to insulin 
more rapidly than proinsulin II [73], and it seems logical to 
propose that this difference is due to one or more of the 
amino acid replacements which distinguish the two pro- 
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Fig.6. Model of insulin degradation in the Beta ceil (crinophagy). 
Granules (containing equimolar amounts of insulin and C-peptide, 
and some unconverted proinsulin (not shown)) fuse with lysosomes 
to form multigranular bodies. Insulin, which is stored as a crystal in 
granules, is thought to remain in the crystal state in multigranular 
bodies and is degraded very slowly. C-peptide, by contrast, which is 
soluble in the granule, is degraded rapidly once introduced into the 
degradative compartment 

insulins. Indeed, we have found [74] that cleavage at the 
B-chain/C-peptide junction of rat proinsulin II is un- 
usually slow, suggesting that there is an interesting change 
in the presentation of this conversion site to the endopro- 
tease. 

The crystallisation of insulin 

If insulin is not released by exocytosis of granule contents 
it can be degraded within the Beta cell [21]. Although the 
regulation of intra-Beta-cell insulin degradation is not 
well characterised, it is apparent that if release is de- 
creased degradation is increased and vice versa [21, 75]. It 
had been supposed for many years that insulin should be 
degraded within Beta cells by fusion of granules with lyso- 
somes, a process referred to as crinophagy, and previously 
demonstrated in other secretory cells. This mechanism 
was confirmed by morphological studies showing the 
presence of both lysosomal proteases and insulin immu- 
noreactive electron-dense cores (see below) in Beta-cell 
multigranular bodies [20]. 

Intriguingly, even if there was extensive degradation of 
insulin in the Beta cell, it was very slow compared with 
that seen for hormones in other cells [20, 21]. The reason 
for this soon became apparent. It was first shown that in- 
sulin could be localised by immunocytochemistry to the 
electron dense cores of the multigranular bodies [20]. C- 
peptide, although present, as expected, in granules, was 
not detectable in the multigranular bodies. It was sug- 
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gested that insulin was degraded less rapidly than C-pep- 
tide within the multigranular bodies, and that this was due 
to stabilisation of insulin in the crystal state [20]. We sub- 
sequently performed experiments in vitro to confirm this 
hypothesis [76], and our working model is outlined in Fig- 
ure 6. 

Insulin is indeed believed to be stored within mature 
granules in the crystal state. Evidence for this is based 
upon high resolution electron microscopy revealing not 
only the angular shape of the electron-dense core of the 
Beta-cell granule but also striations within the core whose 
interval and symmetry resemble those of the insulin crys- 
tal grown in vitro [52]. Insulin immunoreactivity has, fur- 
thermore, been localised by immunocytochemical tech- 
niques to the dense core of the granules [3] and this has 
been confirmed biochemically [77]. 

The internal milieu of granules and lysosomes is thought 
to be quite similar; certainly mature secretory granules,j ust 
as lysosomes, are acidic organelles [78]. The insulin crystal 
would therefore be expected to be as stable in lysosomes as 
in the granule. During crinophagy, granules fuse with lyso- 
somes and granule contents thus become exposed to lyso- 
somal proteases. C-peptide and proinsulin, neither of 
which can crystallise (even though proinsulin has been 
shown to co-crystallise to a limited extent with insulin in 
vitro) will be degraded rapidly. The insulin crystal, by con- 
trast, will have to be etched away within multigranular 
bodies and degradation should thus be extraordinarily 
slow. In addition to following the rates of degradation of 
crystalline insulin and soluble insulin or proinsulin in vitro 
[76] we have confirmed experimentally two predictions of 
this model in studies on crinophagy in islet Beta cells. The 
first of these studies showed that proinsulin which cannot 
be converted (after being modified during its biosynthesis 
by arginine and lysine analogues) and which will thus be 
unable to crystallise, is degraded more rapidly in Beta cells 
than is native insulin [79]. The second prediction of 
the model to be tested concerns the molar ratio of in- 
sulin: C-peptide in the B eta cell. Although this ratio will be 
1 : i within granules (one molecule of proinsulin being con- 
verted to one each of insulin and C-peptide) it should be 
much higher in multigranular bodies. The overall in- 
sulin: C-peptide ratio in the Beta cell (reflecting the com- 
bined ratios in granules and multigranular bodies) should 
thus reflect the activity of the crinophagic pathway, and this 
is indeed found to be the case [80]. 

Of all the domains discussed in this Review, those in- 
volved in the oligomerisation (formation of the Zn-hex- 
amer) and crystallisation of insulin are the best charac- 
terised. This knowledge stems from X-ray diffraction 
studies of the insulin crystal [52]. We must assume that the 
behaviour of insulin within the granule is well represented 
by its behaviour in the test tube, despite the very obvious 
differences in chemical environment. The formation of 
the insulin crystal in the Beta-cellgranule depends upon 
a number of structural domains: those involved in asso- 
ciation of monomers into dimers, the assembly of three 
dimers into the hexamer and, finally, the packing of hexa- 
mers into the crystal. These events and domains have been 
described in great detail elsewhere [52, 53] and will not be 
further discussed here. 
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Fig.'/. Possible causes of 
hyperproinsulinaemia. Only 
clinical situations in which the 
amount of proinsulin relative 
to insulin in the circulation is 
elevated are considered. The 
examples and possible causes 
are not considered exhaustive. 
Question marks indicate that 
the given explanation remains 
hypothetical. The dotted line 
linking hyperproinsulinaemia 
in diabetic patients to a defect 
in sorting indicates that this is 
the least likely explanation but 
may be an additional defect 

Aside from stabilisation of insulin in multigranular 
bodies it is not clear what purpose the crystal serves. In- 
deed, stabilisation within the degradative compartment is 
in itself not of any obvious advantage to the organism 
since it will not be released from the cell in an intelligent or 
predictable fashion. Insulin is believed to crystallise in the 
majority of animal Beta-cells, but we have yet to under- 
stand the evolutionary advantages of being able to crystal- 
lise insulin in the Beta-cell granule. Indeed, crystallisation 
is not an obligatory feature of the insulin synthetic cascade 
since, as mentioned above, in guinea-pig insulin, BI0 his- 
tidine is replaced with asparagine yet the Beta cells of 
these animals appear to be well granulated and replete 
with insulin. 

Proinsulin trafficking and processing in health 
and disease 

As mentioned earlier, in healthy rats (and, one presumes, 
humans) more than 99 % of proinsulin is directed to the 
regulated secretory pathway [42]. The result is that fully 
processed insulin is the predominant product of the Beta 
cell, and its release is under tight regulation by secreta- 
gogues. Under what situations could one imagine a per- 
turbation to this remarkably efficient process, and what 
would be the consequences? The following must be con- 
sidered: (a) changes to the cellular machinery; (b) changes 
to proinsulin/insulin domains. In both cases the clinical 
symptom would be hyperproinsulinaemia, but the under- 
lying causes would be quite different. One must also dis- 
tinguish between hyperproinsulinaemia due to excessive, 
and uncontrolled, release of proinsulin via the constitutive 
pathway, and the regulated release (from granules) of 
non-converted proinsulin. These various possibilities are 
summarised in Figure 7. It is important to note that we are 
dealing here only with situations in which the ratio of 
proinsulin to insulin is unusually elevated, and that the 

clinical investigation of such syndromes is confounded by 
the relative rates (and mechanism) of clearance of insulin 
and its precursor. Insulin is, thus, cleared from the circu- 
lation predominantly by a receptor-mediated pathway 
(principally hepatic) whereas proinsulin, which is bound 
less avidly by the insulin receptor, is degraded essentially 
by non-receptor-mediated pathways (in the kidney) [81]. 

Changes to the cellular sorting or conversion machinet T 

Any defect in the ability of the Beta cell to target pro- 
insulin to the regulated secretory pathway would be ex- 
pected to result in an unusual proportion of the unpro- 
cessed prohormone being discharged rapidly after its 
synthesis via the constitutive pathway. Even though we 
now believe (see above) that the constitutive pathway 
may be able to entertain proinsulin conversion, this may 
not be true of all cells (our preliminary studies have been 
limited to hepatoma cells) and it is not expected that con- 
version would be extensive even if it occurred. The poorly 
regulated release of disproportionate amounts of proin- 
sulin is a clinical situation encountered in many cases of in- 
sulinoma [82, 83]. Indeed, there is evidence in vitro that 
transformation of Beta cells leads to an aberrantly active 
release of proinsulin via the constitutive pathway [84]. It is 
not known why transformed cells should be less able to di- 
rect prohormones to secretory granules than their native 
counterparts. 

No example of hyperproinsulinaemia due to a genetic 
defect in the converting enzymes has yet been do- 
cumented. The consequence would be the regulated re- 
lease of proinsulin or of a conversion intermediate. Defec- 
tive conversion could be due to a mutation to one of the 
enzymes (endoprotease or carboxypeptidase H); it could 
equally arise from a defect in, for example, the granule 
proton pump, thereby preventing granule acidification 
and thus conversion. Since, however, both the conversion 
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enzymes and the granule proton pump (and indeed all the 
elements of the conversion machinery in its broadest 
sense) are believed to be shared by most regulated se- 
cretory cells, such changes would lead to a generalised 
syndrome of "hyper-prohormonaemia" which would 
probably be incompatible with life. The one example in 
which familial hyperproinsulinaemia was initially pro- 
posed to be due a mutation of one of the proinsulin con- 
version enzymes [85] was subsequently shown to be 
caused by the partial diversion of B10 Asp proinsulin to 
the constitutive pathway (see above) [49, 50]. 

Unusually elevated proinsulin to insulin ratios are 
often encountered in the circulation of (Type 2) non-in- 
sulin-dependent diabetic patients [86-89]. Again, the rea- 
son for this is not known. It is possible that this altered 
ratio reflects a fundamental change to the Beta-cell con- 
version system, and it has been proposed that whatever 
this lesion may be, it could also be responsible for the amy- 
loidosis encountered in the immediate surroundings of 
both insulinoma cells and islets in Type 2 diabetic patients 
[90, 91]. The other possibility is that relatively more proin- 
sulin than insulin is released from the Beta cell simply due 
to pressure on the cell for increased insulin production 
(due to peripheral insulin resistance and, on occasion, to 
a diminished Beta-cell mass). In this model, increased 
insulin turnover would reduce the residence time of any 
given proinsulin molecule so as to limit its chances of 
being completely converted. The observation that the 
relative hyperproinsulinaemia in these patients is in part 
due to elevated levels of conversion intermediates (and 
principally des 31.32 split proinsulin) [92] rather than in- 
tact proinsulin is quite in keeping with either model. It is to 
be hoped that the study of animal models of Type 2 
diabetes (which allow access to the pancreas and its Beta 
cells) will help to clarify these important issues [93]. 

Changes to proinsuIin domains 

As discussed in detail above, even single amino acid sub- 
stitutions in the sequence of proinsulin (or, indeed the sig- 
nal peptide of preproinsulin) can perturb sorting or pro- 
cessing. To date the only (extremely rare) examples of 
naturally occurring mutations of this class are those invol- 
ving changes to one of the basic residues at the sites of 
cleavage [66] and the infamous B10 Asp mutant [49, 50]. 
The clinical manifestations of such mutants will be hyper- 
proinsulinaemia for all changes in which the mutant 
proinsulin actually survives its passage through the Golgi 
complex to a secretory vessel (whether vesicle or granule). 
Such hyperproinsulinaemia will be due either to mistar- 
getting to the constitutive pathway (in which case pro- 
insulin release will not be sensitive to secretagogues) or to 
incomplete or totally inhibited conversion of mutant 
proinsulin in granules (leading to the regulated release of 
proinsulin or conversion intermediates). Mutations which 
prevent the delivery of proinsulin to one of the secretory 
pathways (i. e. a change to the signal peptide or to a do- 
main on proinsulin needed for correct folding of the mole- 
cule) would not be readily identified by the mere analysis 
of circulating insulin immunoreactive forms in humans, 
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since such molecules would most probably be degraded 
within Beta cells without ever being released. 

Conclusions 

A complex interchange of molecular information under- 
lies insulin production by the pancreatic Beta cell. Even if 
proinsulin structural domains are of obvious importance 
in this process, it is their interaction with the molecular 
machinery of the synthetic pathway which allows for effi- 
cient and regulated insulin release. 

The study of the cell and molecular biology of insulin 
production will, it is hoped, lead to a better understanding 
of the defects responsible for aberrant Beta-cell function 
in disease. Even if insulin gene replacement therapy of 
diabetes remains a very distant goal, the combination of 
these studies on processing and trafficking with those fo- 
cussing on the regulation of insulin gene expression, will 
certainly provide an essential first step in this direction [94]. 
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