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Insulin plays a central role in the regulation of vertebrate
metabolism. The hormone, the post-translational product of a
single-chain precursor, is a globular protein containing two
chains, A (21 residues) and B (30 residues). Recent advances in
human genetics have identified dominant mutations in the
insulin gene causing permanent neonatal-onset DM? (1-4).
The mutations are predicted to block folding of the precur-
sor in the ER of pancreatic B-cells. Although expression of
the wild-type allele would in other circumstances be suffi-
cient to maintain homeostasis, studies of a corresponding
mouse model (5-7) suggest that the misfolded variant per-
turbs wild-type biosynthesis (8, 9). Impaired -cell secretion
is associated with ER stress, distorted organelle architecture,
and cell death (10). These findings have renewed interest in
insulin biosynthesis (11-13) and the structural basis of disul-
fide pairing (14-19). Protein evolution is constrained not
only by structure and function but also by susceptibility to
toxic misfolding.

Biosynthesis of Insulin

The insulin gene encodes a single-chain precursor, preproin-
sulin (Fig. 1A, upper). The signal peptide (gray bar) is cleaved
upon ER translocation to yield proinsulin. The translocated
polypeptide is reduced and unfolded. Preproinsulin and proin-
sulin contain a connecting domain (black in Fig. 1A) between
the B- and A-domains (blue and red, respectively) (20). Folding
in the ER is coupled to specific pairing of three disulfide bridges
(Fig. 1A, center). These bridges (A6-A11, A7-B7, and A20-B19)
(gold in Fig. 1B) are essential for stability and bioactivity (17,
21-29). Proinsulin consists of a folded insulin-like moiety and
disordered connecting peptide (the C-domain) (dashed black
line in Fig. 1B) (30-33). Conserved within the insulin super-
family, the cystines provide interior struts in the hydrophobic
core (A19-B20 and A6-A11) and an external staple (A7-B7).
The structure of insulin (Fig. 14, lower) requires maintenance
of each bridge. Disulfide isomers exhibit molten structures of
marginal stability and low biological activity (34 -36).
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Proinsulin binds only weakly to the insulin receptor; the bio-
active hormone is liberated by proteolytic processing (12, 37).
Upon transit through the Golgi apparatus and entry into imma-
ture secretory granules (38), the C-peptide is excised by specific
prohormone convertases (39). Cleavage occurs at conserved
dibasic sites (BC and CA junctions) (green in Fig. 1, A and B).
The mature hormone is stored as Zn>"-stabilized hexamers
within specialized secretory granules (Fig. 1C) (40). Hexamers
dissociate upon secretion into the portal circulation (Fig. 1C,
right). Because the monomer is exquisitely susceptible to fibril-
lation (41), its zinc-mediated assembly within B-cells may rep-
resent a defense against toxic misfolding in the secretory gran-
ule (13).

Although insulin biosynthesis occurs via a single-chain pre-
cursor, in vitro chemical synthesis employs isolated A- and
B-peptides (42). The fidelity of chain combination implies that
chemical folding information is contained within these
sequences (43). Many insulin analogs have been prepared by
this protocol, facilitating pharmaceutical applications (44, 45).
Despite the general robustness of insulin chain combination,
certain substitutions impede yield (16, 46 —52). The genetics
of neonatal DM highlights such synthetic failures as models
of impaired folding, providing structural insight into a dis-
ease of toxic protein misfolding.

Mechanism of Disulfide Pairing

Oxidative folding of proteins may be probed by chemical
trapping of populated disulfide intermediates (53). Such studies
of proinsulin-related polypeptides are notable for the transient
accumulation of one- and two-disulfide intermediates (14, 15,
54, 55). Their partial folding may be represented by a series of
trajectories on successive free-energy landscapes (Fig. 24).
Each landscape governs the dynamics of an ensemble of acces-
sible conformations in the presence of a specific subset of disul-
fide bridges. Because the folding chain acquires structure step-
wise upon successive disulfide pairing, the landscapes proceed
from shallow to steep. The preferred sequence of disulfide
intermediates, as defined by chemical trapping, hence provides
a framework for visualizing a progression of multiple folding
trajectories on funnel-shaped landscapes. This perspective
integrates the classical disulfide-centered paradigm (56) with
biophysical models of protein folding (57, 58).

A structural pathway of disulfide pairing has been proposed
based on equilibrium models (Fig. 2B) (17,21-23,25-29,59). A
key role is played by initial formation of cystine A20-B19, which
in the native state connects the C-terminal a-helix of the A-do-
main to the central a-helix of the B-domain. This bridge, which
packs within a cluster of conserved aliphatic and aromatic side
chains in the hydrophobic core, is proposed to contribute to
stabilization of a specific folding nucleus (17, 59, 60). The struc-
tural role of cystine A20-B19 in populated one- and two-disul-
fide intermediates has been investigated through construction
of analogs containing pairwise substitution of the other cys-
teines with Ala or Ser (17, 21-29). Such analogs exhibit partial
folds with attenuated but non-negligible «-helix content.
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FIGURE 1. Proinsulin and its biosynthetic pathway. A, pathway of insulin biosynthesis beginning with pre-
proinsulin (upper): signal peptide (gray), B-domain (blue), dibasic BC junction (green), C-domain (red), dibasic CA
junction (green), and A-domain (red). In the ER, the unfolded prohormone undergoes specific disulfide pairing
to yield native proinsulin (center). Cleavage of BC and CA junctions by prohormone convertases (PC1 and PC2)
and carboxypeptidase E leads to mature insulin and the C-peptide (lower). SRP/SRP-R, signal recognition par-
ticle/signal recognition particle receptor. B, structural model of insulin-like moiety and disordered connecting
peptide (dashed black line). The A- and B-domains are shown in red and blue, respectively; the disordered
connecting domain is shown by the dashed black line. Cystines are labeled in yellow boxes. C, cellular pathway
of insulin biosynthesis. Nascent proinsulin folds as a monomer in the rough ER (rER; left), wherein zinc ion
concentration is low; in post-Golgi granules, proinsulin is processed by cleavage of the connecting peptide to
yield mature insulin, and zinc-stabilized hexamers begin to assemble. Zinc-insulin crystals are observed in
secretory granules. Upon secretion into the portal circulation (right), hexamers dissociate to yield bioactive
insulin monomers. Although the structure of an isolated monomer resembles that of a crystallographic pro-
tomer, marked changes in conformation may be required for receptor binding. Native hexamer assembly and
induced fit of the insulin monomer may provide complementary structural adaptations to the threat of toxic
protein misfolding (49, 75, 76).

Although such isomers are gener-
ally not secreted, amino acid substi-
tutions in human proinsulin can
enhance the fraction of mispairing
in the ER (64, 65). Because propen-
sity to misfold in this assay does not
correlate with effects of substitu-
tions on thermodynamic stability in
vitro, its mechanism is not well
understood. It is possible that the
substituted side chains perturb the
relative stabilities or kinetic accessi-
bility of disulfide intermediates dis-
proportionately to their effects on
the native state. Alternatively, these
residues may contribute to interac-
tions of the nascent polypeptide
with ER chaperones and oxidative
machinery (66). Engagement of cell
type-specific chaperones and fol-
dases in insulin biosynthesis is likely
to underlie the failure (due to aggre-
gation) of diverse transfected mam-
malian cell lines to support efficient
folding and secretion of proinsulin
(67).

Diabetes-associated Mutations

Neonatal DM develops prior to
immune system maturation and so
presents as an autoantigen negative
form of DM. This presentation may
be due to mutations in any of several
genes (68). The most common
cause is a heterozygous activating
mutation in a subunit of the B-cell
voltage-gated potassium channel,
either KCNJ11 (encoding the Kir6.2
subunit) or ABCCS8 (encoding the
SURI1 subunit) (69, 70). The result-
ing diabetic phenotype may be tran-
sient or permanent. Recognition of
this syndrome is important as such
patients may be treated with oral
agents that inhibit the channel (sul-
fonylureas) rather than insulin (68).

Mutations near A20-B19 impair chain combination and bio-
synthesis of single-chain precursors in Saccharomyces cerevi-
siae (25, 50, 60— 62). After A20-B19 pairing, folding proceeds
through multiple alternative channels (see supplemental text).
As successive disulfide bridges are introduced in model
domains, 'H NMR spectra exhibit progressively increased
chemical shift dispersion, suggesting stepwise stabilization of
structure in accord with the landscape perspective. On-path-
way two-disulfide intermediates interconvert with non-native
disulfide isomers as off-pathway kinetic traps (Fig. 2B, center).

Non-native disulfide isomers of proinsulin have been
observed in isolated islets and cell culture (10, 16, 63—65).
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Dominant mutations in the insulin gene have recently been
recognized as the second most common cause of permanent
neonatal DM (1-4). Such mutations occur in each region of
preproinsulin: its signal peptide and B-C-A domains (supple-
mental Fig. S1). The majority of mutations result in addition or
removal of a cysteine, leading in either case to an odd number of
potential pairing sites (supplemental Fig. S2). This imbalance is
thought to lead to misfolding and aggregation. Remarkably, one
human mutation (Cys*” — Tyr) is the same as previously
observed in the Mody4 mouse model (the Akita mouse) (5-7),
in which a dominant mutation in the /ns2 gene leads to progres-
sive postnatal 3-cell failure (9, 10). Physicochemical studies of

ACEVEN

VOLUME 284 +NUMBER 29-JULY 17, 2009


http://www.jbc.org/cgi/content/full/R109.009936/DC1
http://www.jbc.org/cgi/content/full/R109.009936/DC1
http://www.jbc.org/cgi/content/full/R109.009936/DC1
http://www.jbc.org/cgi/content/full/R109.009936/DC1

MINIREVIEW: Proinsulin and Genetics of Diabetes Mellitus

one-disulfide
intermediates

two-disulfide
intermediates

N
o
,’, cystine
© A {_'1‘{"‘"
B S 4 - ’
Y 7/
\ ) _d
rl 1 disordered
(N) " A chain
- 1
Uil /
fast 8 ’) / slow
o N / e i
I 4 ! basic pH cystine ©, %
N\ L’ ( PH) \ 20819 (N’ Achain
) / disordered - >
! Achain “‘
1
/" 8
chain € off-pathway chain
@D, kinetic traps ’.
\ /e N) - "
slow J[ N fast
© cystine M
" A7-B7 ,
native-like B-chain e - ) native
super- secondary N pairing
structure

helix
propagation

FIGURE 2. Energy landscape view of proinsulin folding and disulfide pairing. A, formation of successive disulfide bridges may be viewed as enabling a
sequence of folding trajectories on a succession of steeper funnel-shaped free-energy landscapes. B, preferred pathway of disulfide pairing begins with cystine
A20-B19 (left), whose pairing is directed by a nascent hydrophobic core formed by the central B-domain a-helix (residues B9-B19), part of the C-terminal
B-chain B-strand (residues B24-B26), and part of the C-terminal A-domain a-helix (residues A16-A20). Alternative pathways mediate formation of successive
disulfide bridges (middle) en route to the native state (right). The mechanism of disulfide pairing is perturbed by clinical mutations associated with misfolding
of proinsulin. Sites of non-cysteine-related mutations causing neonatal DM (supplemental Fig. S2) highlight native structural features critical to foldability

(supplemental Fig. S3-S5).

the variant murine proinsulin indicate partial unfolding with
increased aggregation (71). Such perturbations are in accord
with structural studies of human insulin and proinsulin analogs
lacking cystine A7-B7 (28, 60). Heterozygous expression of a
variant Ins2 allele encoding substitution Cys*® — Ser (uncov-
ered in the course of an N-ethyl-N-nitrosourea mouse
mutagenesis screen) likewise causes B-cell dysfunction and
progressive DM (72).

Identification of identical human and murine mutations at
position A7 strongly suggests that the pathogenesis of neo-
natal DM in humans is similar to that extensively character-
ized in the Akita mouse (5-7, 9, 10). Although uncertainties
remain in the precise time course and mechanism of B-cell
degeneration, the B-cells of Akita islets exhibit an early
defect in the folding and trafficking of both wild-type and
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variant proinsulins, elevated markers of ER stress, progres-
sive deposition of electron-dense material in the ER and
Golgi apparatus associated with morphological abnormali-
ties, mitochondria swelling, and eventual loss of 3-cell mass
due to apoptosis or other forms of cell death (9, 10).
Perturbation of disulfide pairing in nascent proinsulin can in
principle range from severe or mild, depending on the site of
mutation and the properties of the substituted side chain (sup-
plemental Figs. S3 and S4). Key sites in the structure of insulin
required for the foldability of proinsulin are discussed in the
supplemental text. Whereas an odd number of cysteines or
compromise of a key non-cysteine site presumably imposes a
severe block to folding, mutations causing less marked impair-
ment would be expected to present later in life as autoantibody-
negative presumed Type 1 or 2 DM. One such mutation, pre-
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senting in the second decade as maturity-onset diabetes of the
young, has been described (4). Chronic elevation of ER stress in
B-cells presumably leads to a slow but progressive loss of B-cell
mass. ER stress may likewise contribute to the pathogenesis of
insulin Los Angeles (Phe®** — Ser), a classical insulinopathy
with partial retention of activity (73). Itis not known whether or
to what extent subtle perturbations of insulin biosynthesis (due
to either variant insulin genes or mutations in the ER folding
machinery) contribute to the pathogenesis of nonsyndromic
Type 2 DM.

Concluding Remarks

The evolution of insulin is enjoined by multiple biological
constraints, reflecting sequence requirements of biosynthesis,
structure, and function (supplemental Fig. S3A4). We thus imag-
ine that conserved residues contribute to one or more of the
following processes: foldability in the B-cell, protection from
intra- or extracellular toxic misfolding, self-assembly within
secretory granules, and receptor binding. The overlapping
nature of these constraints may account for the limited
sequence diversity among vertebrate insulins (74). An intrinsic
tension between folding-competent and active conformations,
only partially resolved by induced fit, may underlie the role of
chronic ER stress (8) in the progression of 3-cell dysfunction in
Type 2 DM (49, 75, 76).

The discovery of DM-associated mutations in proinsulin
highlights general principles of protein folding. The native state
of a globular protein may be viewed as a coalescence of discrete
subdomains consistent with classical diffusion-collision and
framework models of protein folding (77). Funnel-like energy
landscapes suggest the importance of parallel events in folding
(57) even in the presence of preferred trajectories (78). Disul-
fide trapping studies of insulin-related polypeptides have
defined predominant intermediates, enabling structural inter-
pretation of many of the clinical mutations. Sites of mutation
reflect mechanisms of oxidative folding not fully revealed by
structural features of the native state, once achieved. Toxic pro-
tein misfolding provides an implicit constraint governing the
evolution of proinsulin.
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