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INTRODUCTION

Insulin plays a central role in the regulation of human metabolism. The hormone is a 51-residue
anabolic protein that is secreted by the B-cells in the Islets of Langerhans. Containing two chains
(A and B) connected by disulfide bonds, the mature hormone is the post-translational product of
a single-chain precursor, designated proinsulin (1). Extensive studies of the three-dimensional
structure of insulin, pioneered by D. C. Hodgkin (2, 3), have enabled the development of
therapeutic analogs for the treatment of the metabolic disorder diabetes mellitus (DM) (4-6).
The insulin gene (7) is the site of dominant mutations associated with DM (8-10). Although
such mutations are uncommon, their molecular analysis has provided important insights into the
biochemical bases of the hormone’s pathway of biosynthesis (11, 12) and mechanism of receptor
binding (13). The largest class of mutations is associated with the impaired folding of proinsulin,
which leads in turn to progressive endoplasmic-reticular (ER) stress, B-cell death and DM,
usually with onset in the neonatal period (10-12, 14).

Key complementary functions of insulin are (a) stimulation of glucose uptake from the systemic
circulation and (b) suppression of hepatic gluconeogenesis, together regulating glucose
homeostasis (15-20). DM is characterized by decreased glucose tolerance resulting from a
relative deficiency of insulin or a lack of sensitivity to the endogenous hormone. Insufficient
insulin, or decreased insulin sensitivity, results in hyperglycemia. Long-term exposure of tissues
to elevated ambient glucose concentrations is associated with the development of complications,
including macro- and microvascular disease. Of particular concern are coronary heart disease,
cerebrovascular disease, and the characteristic retinopathy, nephropathy, and neuropathy of this
disorder (21).

The history of the discovery of insulin and its therapeutic utility defined a paradigm for the
integration of physiologic and biochemical approaches in experimental medicine (19). At the end
of the 19" century Von Mering and Minkowski noted that removal of the pancreas led to the
development of DM in dogs (22). In 1916 Schafer first speculated that an antidiabetic hormone,
which he named “insuline,” was secreted from pancreatic islets (23). Barron noted in 1920 that
ligation of the pancreatic duct, with destruction of the exocrine pancreas, only resulted in DM if



the islets, so named by
Langerhans in 1869 (24), were

also destroyed (25).
Subsequently, the work of
Banting, Best, Collip and

MacCleod in the early 1920's
resulted in the identification of a
substance in extracts of pancreas
that had the remarkable ability to
reduce blood glucose levels in
diabetic animals (19, 26). By
1923 these pancreatic extracts
were employed to successfully
treat patients with DM.  The
dramatic clinical utility of insulin
encouraged broad public support
for medical research (19).

The modern view of insulin is as
a ligand that activates a specific
cellular receptor, designated the
insulin receptor (IR) (13, 27-29).
The IR belongs to a superfamily
of receptor tyrosine kinase whose
activation modulates multiple
post-receptor signaling pathways
(30). Insulin thus regulates a host
of other cellular processes, such
as protein and fat synthesis, RNA
and DNA synthesis, as well as
cell growth and differentiation

TAKE-HOME POINTS

1.The structure of insulin contains determinants of
foldability, trafficking, self-assembly, and receptor
binding.

2.Insulin is the biosynthetic product of a single-chain
precursor, preproinsulin, whose proteolytic processing is
coupled to trafficking between cellular compartments.
3.The connecting (C) domain of proinsulin is removed by
a specialized set of endoproteases and a carboxypeptidase
activity, acting mainly within maturing secretory granules.
4.Insulin is stored as microcrystalline arrays of zinc
insulin hexamers within specialized glucose-regulated
secretory vescicles.

5.Regulation of insulin secretion is coupled to metabolism
and electrophysiologic events involving plasma membrane
depolarization and calcium-ion homeostasis.

6.The insulin receptor is a transmembrane protein
containing an extracellular hormone-binding domain and
intracellular tyrosine kinase domain.

7.Binding of insulin to the insulin receptor (an (o.f).
dimer) is mediated by side chains in both the A- and B
chains of insulin.

8.The primary hormone-binding site (Site 1) in the
extracellular domain of the insulin receptor contains the
L1 B-helix of one a-subunit and the C-terminal aCT o-
helix of the other a-subunit.

9.Dominant mutations in the insulin gene cause
monogenic syndromes of diabetes mellitus, prominently
including permanent neonatal-onset diabetes, due to toxic
misfolding of proinsulin variants.

(31). It is, however, the regulation of glucose uptake that is of primary concern in the clinical
manifestations of diabetes; therefore, this chapter will begin with a brief description of how
plasma glucose homeostasis is achieved.

REGULATION OF PLASMA GLUCOSE BY INSULIN

Specific membrane transporters facilitate the movement of glucose into cells to reduce plasma
glucose concentrations in response to insulin stimulation. The transported glucose is
subsequently used as metabolic fuel or stored as a complex polymeric structure, designated
glycogen. Two major types of glucose transporters are known: Na'-dependent and Na'-
independent. Only the Na'-independent transporters possess an insulin-responsive isoform. We
describe each in turn.

The Na'-dependent glucose transporter family has been identified in several tissues, particularly
in small intestinal epithelium (SGLT1) and the renal proximal tubule (SGLT2) as well as in other
kidney tubule cells (32-34). These transporters are located on the lumenal side of intestinal and
kidney cells and act to absorb glucose against its concentration gradient by coupling the



movement of glucose into these cells with the concomitant movement of Na" into the cell. Since
Na" is moving down its electrochemical gradient this energy can be used to cotransport glucose
into the cells. Thus, this transporter is dependent on the concentrations of extracellular and
intracellular sodium ions, which are maintained by a Na'/K'-ATPase ion pump.

The Na'-independent glucose transporter family, consisting of several isoforms, facilitates the
movement of glucose down its concentration gradient across a plasma membrane. Although
seven isoforms have been identified (designated Glutl-7) (35), only one will be discussed in
detail here, Glut4, because it is the transporter that is in highest concentration in insulin-sensitive
tissues, including skeletal muscle, cardiac muscle, and adipose tissue (fat) (36-38). Glut4, and to
a lesser extent Glutl enable these cells to increase their uptake of glucose, thereby lowering
circulating concentrations. Because the intracellular concentration of glucose is low due to the
rapid phosphorylation of glucose to glucose-6-phosphate (not a substrate of the Glut transporters)
and its conversion to other metabolic products, the presence of active transporters in the plasma
membrane favors the movement of glucose into cells.

Insulin enhances glucose uptake by increasing the number of transporters in the plasma
membrane of target cells. This was first demonstrated in adipocytes (39, 40) and subsequently in
skeletal (41, 42) and cardiac muscle (43). Insulin stimulation of such cells mobilizes transporters
from intracellular compartments to the plasma membrane to facilitate glucose transport.
Translocation of receptors to the plasma membrane has been demonstrated to occur within 30
seconds of insulin stimulation (44); as the stimulus dissipates the decrease in the number of
plasma membrane receptors declines coincident with a decline in glucose transport (45).
Whereas glucose transport via Glut4 is a passive process (limited only by the chemical potential
of the glucose gradient and the Vmax of the transporters), translocation and reverse
reinternalization of receptors are energy-dependent processes (46). The impaired ability of
insulin, on binding and activation of the IR, to signal Glut4 translocation from intracellular stores
contributes to postprandial hyperglycemia in Type 2 DM (47). Animal studies have also
demonstrated that insulin resistance is associated with a decreased translocation of glucose
transporters to the plasma membrane in muscle cells (48). In fact, decreased insulin levels in
animal models of DM have been shown not only to decrease transporter translocation, but also to
attenuate expression of Glut4 in muscle cells. Thus, it appears that insulin provides both a short-
term signal to increase glucose-transporter translocation and a long-term signal to maintain a
basal level of expression of such transporters in target cells. The combination of acute and basal
actions provides a common mechanism in Type 1 DM (characterized by low or vanishing
endogenous insulin levels) or Type 2 DM (characterized by insulin resistance) could cause
pathologically high plasma glucose levels: loss of regulation and expression of transmembrane
glucose transporters. Glut2, expressed on surface of B-cells, contributes to the regulation of
insulin secretion (49, 50). Accordingly, a B-cell specific IR knock-out (KO) model indicated that
insulin likely positively regulates its own secretion from the B-cell (51-53).

Since its purification and clinical application in 1923 (19), the central importance of insulin in
regulating glucose metabolism and the prevention of DM has stimulated research in attempts to
understand the mechanism of action of this peptide hormone. This work has lead to the
determination of the three-dimensional structure of insulin (54), identification of its precursor
(55, 56) and the processing and secretion mechanisms that underlie its production (57-59).
Complementary advances have seen the identification of the IR and of its mechanisms of signal



transduction (30). Recent studies have defined three-dimensional structures of proinsulin (60)
and elements of the IR involved in hormone binding (61, 62). In addition to their fundamental
importance, these discoveries have deepened our understanding of the molecular basis of DM
and its treatment as discussed below.

INSULIN BIOGENESIS AND MECHANISM OF RELEASE

Insulin was the first peptide hormone discovered. Before Abel crystallized insulin in 1926 (63,
64) and Jensen and Evans in 1935 identified the N-terminal phenylalanine of the B-chain (65),
proving that insulin was indeed a protein, all hormones were believed to be small molecules.
With the elucidation of the amino-acid sequence of insulin by Sanger in the mid 1950's (66, 67)
(see Figure 1), it became known that insulin was a two-chain heterodimer consisting of a 21-
residue A-chain linked to a 30-residue B chain by two disulfide bonds derived from cysteine
residues (A7-B7 and A20-B19). An intrachain disulfide bond also exists within the A-chain (A6-
All).
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Figure 1. Primary structures of porcine insulin and porcine proinsulin. The primary sequence of
porcine insulin (a) as determined by Sanger and co-workers (74); and proinsulin (68). The
sequence of human insulin is identical to that of porcine insulin except for the change of Ala®*
to Thr®*” in human insulin

Although this primary structure provided valuable information regarding the amino-acid
composition and size (ca. 6,000 Daltons) of the insulin molecule (69), questions concerning the
processes of insulin biosynthesis and secretion were not resolved until the late 1960's with the
discovery of proinsulin (70, 71). This precursor protein (ca. 9,000 D) contains both the A- and B-
chain of insulin in a continuous single chain joined through an intervening segment, designated
the C domain (72, 73). The C domain varies in length among vertebrate species (typically 30-35
residues) and is flanked at each end by dibasic residues (Arg-Arg and Lys-Arg) (68, 72).
Proinsulin is cleaved at those dibasic links by a trypsin-like enzyme to release the mature
hormone and a free C-peptide (which lacks the dibasic residues).
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Figure 2. (a) Diagrammatic illustration of the processing of insulin. The transcription and
translation of the human insulin gene, as well as processing of preproinsulin to insulin is
illustrated. (b) Conversion of proinsulin to insulin demonstrating the secondary and tertiary
structures of insulin; the flexible C domain in proinsulin and split proinsulins is shown in dotted
line. Thick blue arrows indicated predominant path.

Chan et al. (75) subsequently discovered that there was an additional and larger precursor of
insulin, preproinsulin. This single-chain polypeptide (ca. 12,000 Daltons) consists of proinsulin
extended at the amino-terminus by a 24-residue signal peptide of hydrophobic residues (76, 77).
Such a signal sequence is characteristic of proteins that enter the secretory pathway (7, 78 , 79).
The signal peptide of preproinsulin is cleaved coincident with its translocation into the ER (80),



and thus proinsulin itself (together with the oxidative folding machinery of the ER) mediates
proper disulfide pairing and three-dimensional protein folding (10, 57, 81).

The steps involved in the conversion of the information encoded within the 1500 bases of the
human insulin gene (as sequenced by Bell and colleagues in 1980 (7)) into preproinsulin and its
subsequent proteolytic conversion to insulin are illustrated in Figure 2A and 2B. The first set of
steps occur at the nucleic-acid level: the initial mRNA transcript is modified via excision of the
two intervening sequences, the 5’ terminus is capped by 7-methyl guanosine, and the 3’-terminus
undergoes polyadenylation to produce a mature mRNA product. This mRNA product encodes
preproinsulin, which is translated on the rough endoplasmic reticulum (rER) and subsequently
translocated into the RER lumen via a series of interactions of the signal peptide with the signal
recognition particle (SRP) and SRP-receptor in the rER membrane (82, 83). The next set of
steps occurs at the protein level. The signal peptide is cleaved in the lumen of the rER by a
signal peptidase (located on the lumenal side of the rER membrane)(82). Within the cisternae of
the rER, proinsulin undergoes rapid folding and disulfide bond formation to generate the native
tertiary structure, the direct precursor of insulin. The signal peptide is rapidly degraded in the
rER and is therefore not a normal secretory product of the B-cells (80).

In the final series of steps proinsulin is transported to the Golgi apparatus where it is packaged
into secretory granules and converted to native insulin and C-peptide. The conversion process
may begin in the trans Golgi network but continues in the condensing vacuoles (early secretory
granules), and the products are stored in mature secretory vesicles, and secreted in equimolar
amounts along with small amounts (ca. 2-3%) of proinsulin and intermediate cleavage products
(84, 85). Glucose, in addition to stimulating insulin secretion by B-cells, also activates insulin
gene transcription, enhances insulin mRNA stability, and stimulates its translation (80).

Proinsulin, despite its larger size, shares many of the physical properties of insulin. Proinsulin
has been shown, for example, to form dimers and Zn*"-coordinated hexamers in a manner similar
to insulin (86), has a comparable isoelectric point (85) and solubility (57), and cross-reacts with
insulin antisera (87). These findings motivated the hypothesis that the structure of the insulin
moiety in proinsulin is similar, if not identical, to that of native insulin (88). Although the crystal
structure of proinsulin has not been determined (88), presumably due to the flexibility of the C
domain, its solution structure has recently been determined by multidimensional NMR methods
(60). The insulin moiety indeed retains the conformation of insulin whereas the C domain is
flexible (but not completely disordered). The solution structure rationalizes why proinsulin is a
full agonist of insulin and displays 3-5% biological activity (88, 89); the binding regions of the
insulin moiety are accessible even in the presence of the C domain (60).

In 1969 it was demonstrated via pulse-chase studies that proteolytic processing of proinsulin
occurs in the Golgi apparatus (GA) and/or early secretory vesicles of the B-cells (84); and
subsequent studies have identified the trans Golgi as the initial compartment wherein proinsulin
and its converting enzymes are brought together to form secretory granules (72, 90, 91).
Monoclonal antibodies specific for intact proinsulin also demonstrated that proinsulin is
transferred from the rER to the cis- and trans Golgi, where the precursor is concentrated to form
prosecretory vesicles (92). Several studies have demonstrated that shuttling of proinsulin
vesicles from the rER to the cis Golgi and through the GA is an energy-requiring process
requiring ATP (84, 90, 93). Subsequent conversion of proinsulin to insulin, initiated in the trans



Golgi, accelerates within prosecretory granules as they acidify and mature in the cytosol over a
period of 1-3 hours in preparation for secretion. Residual proinsulin and intermediate cleavage
products then comprise only 2-3 percent of total stored insulin-related protein. Insulin secretory
granules turn over at a much slower rate of many hours or several days normally. In the
intracellular pathway taken by proinsulin on budding from the rER, distinct times are required
for individual stages of transfer. In rat islets the conversion of proinsulin to insulin begins about
30 min after ribosomal synthesis of preproinsulin and resembles first-order reaction kinetics with
half-times of approximately 30-60 minutes (72, 85).

The conversion of proinsulin to insulin occurs through the joint action of two types of proteases:
one with trypsin-like endoprotease activity which cleave after the dibasic residues pairs at each
end of the C domain, and another with exopeptidase activity resembling that of carboxypeptidase
B to remove the basic residues left after tryptic-like cleavage (72, 94-98). Previous studies have
also demonstrated that mixtures of pancreatic trypsin and carboxypeptidase B could convert
proinsulin to insulin in vitro (94). Two endoproteases were found within insulinoma secretory
granules (99). Initially called Type I and Type II converting enzymes, each of these acidic
endoproteases was found to be dependent on Ca®" ions. Type I was active in 1 mM Ca*" and
cleaved at Arg31-Arg32 in proinsulin (the first two positions of the C domain) whereas Type II
required 0.1 mM Ca”" and cleaved predominantly at Lys64-Arg65 (the last two positions of the
C domain) (100). Each was also found to have an acidic pH optimum near 6.0.

The discovery in yeast Saccharomyces cerevisciae of an endoprotease, designated Kex?2, that
cleaves at dibasic residue sites in the yeast a-mating factor and in microbial toxin precursor
polypeptides facilitated the search for homologous endoproteases in mammalian B-cells (101-
103). Kex2 is a homologue of subtilisin, a bacterial serine protease. In yeast this integral
membrane protein is localized in the trans Golgi network. Analysis of human insulinoma cDNA
via PCR techniques lead to the discovery of PC2, an enzyme having an homologous catalytic
domain (104). PC2 shares 49% amino-acid identity with Kex2, but importantly lacks its
transmembrane (TM) segment, indicating that it was likely to be a soluble protease and thus was
a candidate for one of the processing endoproteases in [B-cell secretory vesicles. Similar
screening methods led to the discovery of PC1/3, the second secretory-granule convertase (105,
106). Subsequent work demonstrated that both PC2 and PC1/3 display optimal activity at pH 5.5,
consistent with the internal pH of B-cell secretory granules (107, 108) and are also expressed in
the brain and many other neuroendocrine cells. These two proprotein convertases are members of
a larger 7-member family of kexin/subtilisin-like endoproteases, which normally function within
the secretory pathway in most eukaryotic cells (109, 110).

Immunocytochemical studies of pancreatic islets B-cells provided evidence for the presence of
both PC2 and PC1/3 in B-cells pancreatic islets (111, 112), and their ability to convert proinsulin
to insulin was demonstrated by co-infection with vaccinia viruses expressing PC2 and PC1/3 in
Cos7 cells expressing proinsulin (111). Whereas PC2 mediated cleavage only at the C-
peptide/A-chain junction, PC1/3 cleaved at both dibasic sites with a preference for the B-
chain/C-peptide site. Subsequent studies also established the identity of PC2 and PC1/3 with the
calcium-dependent Type II and Type I insulinoma endoproteases, respectively, as discovered by
Davidson and coworkers (99). The carboxypeptidase B-like exopeptidase, which removes
COOH-terminal basic residues after cleavage by PC2 and PC3/PCl1, was also found and is
known as carboxypeptidase E (113).  Although structurally homologous to pancreatic



carboxypeptidases A and B (114), carboxypeptidase E has several unique features that
differentiate it from other carboxypeptidases (113). In the maturing secretory granule of the B
cell, PC2, PC1/3, and carboxypeptidase E work together to convert proinsulin to mature insulin
and C-peptide. Studies have demonstrated that PC1/3 first cleaves proinsulin at the B chain-C
peptide junction, generating an intermediate product that is preferentially cleaved by PC2 to
yield insulin (115-117). Thus knockout of PC1/3 results in very high circulating proinsulin levels
while PC2 nulls exhibit much lower levels (117, 118).

The PC family of convertases are all synthesized as inactive precursors with a lengthy N-
terminal propeptide that is autocatalytically cleaved at a tetrabasic cleavage site by the
proenzyme as it passes from the slightly alkaline ER to the neutral and mildly acidic conditions
of the Golgi apparatus and is then removed by a second cleavage within the propeptide which
assists in its release and disposal, yielding the active full-length enzyme (110). In the case of
PC1/3 the full length form is active , but undergoes C-terminal autocatalytic truncation to a
smaller, more active form within the secretory granules (109). In the case of PC2 the removal of
the propeptide is more complex and requires the presence of neuroendocrine protein 7B2 (119).
Activation of PC2 thus does not occur in the Golgi but rather within the secretory granules where
it also functions. The full length enzyme is the active form in the granules within the beta cells
and other neuroendocrine tissues. Knockout of 7B2 (120) thus provides a phenocopy of the PC2
null when on the same genetic background, or inbred mouse strain (for review, see Ref (80)).

Secretory granules in the B-cell undergo maturation in the cytosol. Electron-microscopic (EM)
studies have demonstrated that mature granules have a dense crystalline-appearing core with a
spacing similar to that of 2-Zn insulin crystals (121-123). Newly synthesized insulin is likely to
forms crystals with zinc ions that are transported into the maturing secretory granules as
demonstrated by a knockout of the zinc transporter (ZnT8) (124). The crystals reside in the dense
core of the B-granules whereas the soluble C-peptide resides in the less dense or clear periphery
of the granule (123). Proinsulin is also known to crystallize with insulin in small amounts,
probably as mixed hexamers (125). Both proinsulin and insulin have the ability to bind zinc
(126-128) and form zinc-coordinated hexamers (two Zn”" axial atoms per hexameric unit); the
side chain of histidine B10 coordinates axial Zn>" ions (54). The self-assembly and micro-
crystallization of zinc-insulin hexamers may be regulated by compartmental pH. The secretory
granules possess an intrinsic proton pump, which serves to lower the pH within the granule to pH
5.0-5.5: this is optimal for both prohormone processing and crystallization in vitro (129, 130).
The pH within the rER is less acidic, which promotes thiol-disulfide exchange and hence
proinsulin folding with native disulfide pairing.

High ambient glucose concentration in the islets promotes insulin biosynthesis and is the
primary regulator of secretion. Elevated glucose concentrations cause an increase in cAMP
levels by a mechanism that does not appear to involve activation of adenylate cyclase (131).
cAMP then exerts its effects via a mechanism involving protein kinase A (PKA), leading to the
phosphorylation and activation of certain key proteins (132). Through this complex chain of
events, glucose and cAMP (and possibly contributions from the rise in intracellular free calcium
and IP3) rapidly increase translation and transcription of insulin mRNA (133, 134). Insulin
mRNA normally turns over slowly, with a half life of approximately 30 hours at normal or below
normal levels. However, elevated ambient glucose concentrations increase the half life of insulin
mRNA as much as threefold (135, 136). Calcium dependent exocytosis of secretory granules is



the main mechanism of secretion in both glucose-stimulated and basal states (137, 138). Little or
no direct secretion of proinsulin occurs from the rER to the plasma membrane by way of
unregulated pathways (138, 139). Other hormones and chemical substances also play an
important role in the regulation of insulin secretion (140), including glucagon, which is secreted
by a-cells in pancreatic islets as discussed in detail in another chapter; glucagon-like peptide
(GLP-1: Ref. (141, 142)); cholecystokinin (143); and gastric inhibitory peptide (144) all acting
via specific receptors on the B-cell. Inhibitors of insulin secretion include catecholamines
(adrenaline and noradrenaline) which interact with adrenergic receptors on the -cell membrane
(145), and somatostatin which is secreted by d-cells of the pancreatic islets (18). Amylin is also
secreted by the B-cell although the regulatory mechanisms for amylin co-secretion are not well
understood.

The integrated regulation of insulin secretion in pancreatic -cells (146) provides an opportunity
to develop quantitative data-based computer models relating metabolic sensing to
electrophysiological events (147) and to intracellular Ca ** dynamics, ultimately leading to
exocytosis of the secretory granules (148). Such analyses provides fundamental insight into the
biochemical and biophysical determinants of cytoplasmic transport of organelles (149).

BIOCHEMISTRY AND ELECTROPHYSIOLOGY OF INSULIN
SECRETION

Secretion of insulin from f-cells is not only an important step in the regulation of glucose
homeostasis in healthy individuals, but has also been demonstrated to be impaired (for different
reasons) in both Type 1 and Type 2 DM (150). In fact, in the prediabetic state of Type 1 DM as
well as in various forms of Type 2 DM, abnormalities in insulin secretion are an integral
component of the pathophysiology (151, 152). In light of its extensive characterization the B-cell
also serves as a model of the secretory process for other cell types.

Insulin is stored in large dense core vesicles (LDCV) and released by exocytosis as described
above. Such release is a multistep process that consists of the transport of the secretory vesicles
to the plasma membrane, then docking, priming, and finally fusion of the vesicle with the plasma
membrane. This process is regulated cooperatively by nutrients, other hormones, and
neurotransmitters in association with electrical depolarization of the -cell and release of insulin.
Only a small portion of the insulin stored in vesicles in the B-cell is released, however, even
under maximum stimulation. This suggests that systemic insulin levels are regulated by
secretion rather than by biosynthesis and is not ordinarily limited by the size of storage pools.
However the mechanisms that regulate the directed transport of the insulin granules to the
plasma membrane are also not well understood.

The best characterized mechanism of coupling glucose metabolism to insulin secretion resides in
the electrical excitability of the B-cell. A large number of ion channels, pumps, and transporters
contribute to intracellular calcium concentration, as well as other ions, to set the membrane
potential (Vi) of the B-cell; this set point is near -70 mV when extracellular glucose is ~3 mM
(see Figure 3). In 1968 Dean and Mathews demonstrated that -cells are electrically excitable
and that glucose controlled this excitability (153, 154). They also showed that the action
potentials of B-cells were increased by sulfonylureas. The use of patch-clamp techniques enabled
the electrical activity of the B-cell to be studied in detail, and such studies by Ashcroft, Rorsman
and others elucidated the key role of ATP-sensitive potassium (KATP) channels in the resting



membrane potential of the B-cell as well as the importance of these channels in the mechanism of
insulin secretion (155-157) (for a recent perspective, see (158)).
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Figure 3. p-cell ion channels. KATP channel conductance predominates in the resting B-cell,
maintaining the resting Vm near the electrochemical potential (EK) for K+ (~ -80 mV). These
potassium channels belong to the inward rectifier (Kir) subfamily. They obtain their name since
these channels conduct K' current into the cell more readily than to the outside of the cell
(inward rectification, as a diode). KATP channels are, however, weak inward rectifiers because
they pass a significant amount of current in the outward direction. At -70 mV open KATP
channels carry a small amount of outward current, which maintains the hyperpolarized resting
potential in the B-cells.

A myriad of biochemical and biophysical structure-function studies of recombinant Kir channels
has led to a more complete understanding of these channels. The crystal structure of a bacterial
Kir analog, the Streptomyces lividens KcSA channel, has been determined (159); and the inner
pore of a mammalian Kir has likewise been crystallized, and its structure determined (160). The
structures revealed that Kir channels consist of four subunits: each folds into the membrane to
define two transmembrane domains (M1 and M2) surrounding a pore loop (P). The four P-loops
line the central ion-conducting pore with the M1 and M2 subunits providing outer supports
(Figure 4).

Elevation of glucose concentration to >8-10 mM results in depolarization of the B-cell. Glucose
is taken up into the B-cell by the GLUT2 transporter and metabolized via glucokinase, glycolysis
and in mitochondria to generate ATP. This alters the ATP/ADP ratio, which causes closure of
KATP channels and depolarization of the cell via the decreased K™ permeability. ATP inhibits
KATP channels and ADP opens them (161, 162). Other nucleotides generated by glucose
metabolism (Ap3A: diadenosine triphosphate, and Ap4A: diadenosine tetraphosphate) have been
implicated as second messengers mediating the closure of KATP channels, but their significance
remains uncertain. Mutations in either the Kir, or SURI, can result in persistent activation,
leading to neonatal hyperinsulinemia and hypoglycemia (163). It is also known that some Kir
channels in B-cells are activated via G-protein coupled receptors (164-166) as reviewed below.



Sulforylurea a-adrenergic
receptor receptor

insulin secretion

Figure 4. Kir channels. KATP channels are unique in the inward rectifier family because they
require an auxiliary subunit, the sulfonylurea receptor (SURI1), to function. The SURI is a
member of the ATP binding cassette (ABC) family of membrane proteins, which includes the
cystic fibrosis transmembrane conductance regulator (CFTR) chloride channel among others
(167). It was named due to its binding to iodinated glyburide but clearly it is not actually an
sufonylurea receptor. KATP channels in the B-cell consists of Kir6.2 subunits surrounded by
their accompanying SUR1 subunit (not shown).

Pioneering studies by Katz, Miledi, and Douglas first established intracellular Ca**
concentrations as a general coupling factor between membrane depolarization and vesicular
exocytosis (168, 169); this mechanism operates in B-cells (170) (for review, see (171)). Voltage
dependent Ca®" channels (Cav) open on membrane depolarization as caused by Kir channel
closure; and it is this Ca®" influx that leads in turn to exocytosis of the glucose-regulated
secretory granules and insulin secretion.

Cav channels are classified one the basis of a low-voltage threshold (LV: activated at more
negative potentials) or high-voltage threshold (HV: activated at relatively depolarized
potentials). HV channels can be further divided into subclasses: L, N, P, Q, and R (172). Insulin
secretion is inhibited by dihydropyridine-based calcium-channel blocking agents, which inhibit
L-type Cav. Although activators of L-type Cav can stimulate insulin secretion, Cav1.3 KO mice
exhibited perturbed islet function resulting in glucose intolerance; these mice were smaller than
controls and yet maintained glucose-dependent insulin secretion (173). This phenotype is likely
to be secondary either to upregulation of other Cavl.2 channels or to the existence of other
mechanisms of insulin secretion unreliant on voltage gated channels as discussed next. It has
been suggested that the neuronal type of Ca channels play a direct role in exocytosis (174).



Several hormones and neurotransmitters regulate insulin secretion in addition to the voltage-
sensitive pathways. Molecules such as epinephrine, galanin, somatostatin, acetylcholine, and
glucagon-like peptide (GLP) each contribute to the regulation of insulin secretion by binding to
cognate receptors (146, 175). Cholecystokinin (CCK receptor pathway) and acetylcholine (M3
receptor in [-cells) potentiate insulin secretion via phosphoinositide catabolism with the
subsequent mobilization of intracellular calcium ions. These ligands bind to G-protein coupled
receptors (GPCRs) that can activate phospholipase-C (PLC) (175). PLC-catalyzed hydrolysis of
phosphatidylinositol 4,5-bisphosphate (PIP;) produces inositol 1,4,5-triphosphate (IP;) and
diacylglycerol (DAG). Two families of Ca®" channels are present on the ER and rER: IP3
receptors and ryanodine receptors (RyR). Each is capable of causing the release of Ca*" ions
stored in the ER. DAG concomitantly activates protein kinase (PKC). Other potentiators of
insulin secretion, such as GLP-1, and glucose-dependent insulinotropic polypeptide (GIP), bind
to their respective cognate GPCRs to activate adenyl cyclase and increase intracellular cAMP,
which in turn activates protein kinase A (PKA). Stimulation of either PKC or PKA alters second-
messenger systems in the B-cell and can chemically modify ion channels to influence insulin
secretion. In fact, insulin exocytosis can be induced independently from Ca®" fluxes in in vitro
studies through intracellular application of GTP or nucleotide analogs GppNHp and GTPyS.

Specific proteins are also likely to be involved in the interaction of secretory vesicles with the
plasma membrane. Pairing proteins on the vesicle membrane (v-SNARES) have been found to
tightly interact with cognate proteins on the target membrane (t-SNARES). Cytosolic cofactors
such as N-ethylmaleimide-sensitive factor (NSF) and o/B-SNAP may assist with ATP binding
and hydrolysis to cause exocytosis (176).

In addition to voltage-sensitive pathways and GPCRs, the monomeric G-proteins (such as Rab27
and Rab3 (177)) may activate second-messenger cascades resulting in exocytosis; and multiple
Ca”"-binding proteins (such as synaptotagmin (178)) may further regulate vesicle fusion. It is
clear that the process of insulin secretion is highly complex; and research continues to provide
new insights into B-cell molecular biology and electrophysiology. Such studies promise to
provide a better understanding of insulin action and its deregulation in DM.

INSULIN STRUCTURE

The three-dimensional structure of insulin has been studied in great detail in crystals by X-ray
diffraction (3, 54, 179-183) and in solution by NMR spectroscopy (184-193). Such studies have
yielded valuable information regarding the folding of proinsulin (10, 60) and function of insulin
(13, 54, 192, 194). As previously mentioned, insulin was first crystallized in rhombohedral form
in 1926 (65); and almost 10 years later Scott elucidated the importance of zinc ions and other
divalent cations in crystallization (195, 196). In 1969 the structure of hexameric 2-Zn insulin
(designated T¢ in modern nomenclature (197)) was determined by Dorothy C. Hodgkin and
coworkers using X-ray methods (3, 84); this structure and was later refined to atomic resolution
(54, 183). Currently there are several crystal forms of insulin, defining three structural families
of hexamers (Te, T5R, and Re) (197), zinc-free dimers (T,) (198, 199), and monomeric
fragments (200-202). These families are shown in schematic form in Figure 5A and as ribbon
models in Figure 5B; models of the component T-state protomer and R-state protomer are shown
in Figure 6. The solution structure of engineered insulin monomers and dimers resembles the
crystallographic T state (187, 188).



Figure 5. Structural families of insulin hexamers. A, Schematic representation of the three
types of zinc insulin hexamers, designated T, TsR', and Re. B, Corresponding ribbon
representation of wild-type crystal structures. Axial zinc ions are shown in blue-gray.
Coordinates were obtained from Protein Databank entries 4INS, 1TRZ, and 1ZNJ, respectively.
Residues B1-B8 exhibit a change in secondary structure as shown in black. T-state protomers
are otherwise shown in red, and R-state protomers in blue. For cylinder models of the T- and R-
state protomers, see Figure 6 below. This figure is reprinted by Ref (203) with permission of the
authors.

The T insulin hexamer (MW ~36000 Da) consists of six molecules of insulin arranged as three
dimeric units related by a threefold symmetry axis (204). The dimers (MW ~12000) possess a
pseudo twofold symmetry axis, which is perpendicular to the threefold axis of rotation.
Although each protomer within the dimers has similar main-chain structure, they are not
identical in the arrangement of certain side chains, breaking the twofold symmetry. The most
obvious difference is that the side chain of Phe®” is folded in towards the hydrophobic core in
one protomer but outwards in the other (84). Two axial Zn®" atoms lie on the threefold symmetry
axis of the hexamer; each exhibits octahedral coordination by three His®'® residues and three

water molecules.

The Ts insulin structure defines hydrophobic, solvent-exposed, and potential binding surfaces of
insulin. This characterization has been supported by NMR-based solution structures of the
insulin hexamer (205, 206), engineered dimer (207), and engineered monomer (208, 209). Many
additional X-ray structures of insulin (209, 210), insulin derivatives and insulins of other species,
such as the Atlantic hagfish (Myxine glutinosa), a variant insulin containing a substitution
(His®'°—Asn) that prevents zinc binding and hexamer formation (211, 212). In most of these
instances the insulin, or derivative, maintains an overall tertiary structure that corresponds well
with the protomers in the Te structure. For this reason the T¢ insulin hexamer widely been
employed as the prototypic insulin structure. An emerging theme of such studies is that classical
crystal structure of the free hormone (T state) depicts spatial relationships pertinent to the folding



pathway of proinsulin (10) whereas a key subset of such relationships are altered or broken on
receptor binding (62). The relevance of the crystallographic R state to receptor binding
continues to be a source of speculation (213, 214).
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Figure 6. Classical T and R structures of insulin. Ribbon models of TR dimer based on crystal
structures of zinc insulin hexamers. The B chain is shown in black and A chain in green. The
position of Gly®® is shown as a red ball in T-state-specific p-turn (left) or R-state-specific
o~helix (right). D-amino-acid substitutions at B8 stabilize the T-state but block receptor binding
whereas L-amino-acid substitutions destabilize the T-state but can be highly active (213, 215).
The structure of insulin as an engineered monomer in solution resembles the T state. This figure
is reprinted from the Supplement to Ref (216) with permission of the author.

Insulin exists primarily as a monomer at low concentrations (~10° M) and forms dimers at
higher concentrations at neutral pH (217, 218). At high concentrations and in the presence of
zinc ions, insulin forms hexameric complexes (84, 218, 219). We shall begin with a discussion of
the insulin monomer, which is the circulating state of the molecule in plasma, and then discuss
its self-assembly. This section culminates with a description of the IR (61, 220) and evidence for
a novel receptor-bound conformation of insulin (62).

THE INSULIN MONOMER

The A- and B chains of insulin (individually illustrated in Figures 7a and b, respectively) exhibit
extensive secondary structure despite their limited lengths (Figure 3). The A chain consists of
two a-helical segments (A1-A8 and A12-A19) that are nearly antiparallel. These helices are
connected by a non-canonical turn (residues A9-A12), bringing into proximity the N- and C-
chain termini. The B chain (Figure 7b) contains central a-helix (residues B9-B19) flanked by
disulfide bridges (cystines A7-B7 and A20-B19) and p-turns (B7-B10 and B20-B23); residues
B1-B5 are extended in the T state (54). Each p-turn contains at least one conserved Gly with
positive ¢ dihedral angle (residues B8, B20, and B23). The B7-B10 B-turn enables the side chain
of His™ to interact with the central region of the A chain I association with cysteine A7-B7. The
B20-B23 B-turn orients the C-terminal segment of the B-chain (residues B23-B30) in close
proximity and antiparallel to the central B-chain a-helix. Residues B24-B28 have a f-strand
structure. The conserved aromatic side chains of Phe®* and Tyr®* are in contact with Leu®'’,

Val®'? and Leu®" of the central B-chain a-helix, defining an a-turn- supersecondary structure.



Figure 7. The structures of insulin A- and B-chains. The figure illustrates insulin A-chain (a)
and B-chain (b) as determined from the three-dimensional X-ray analysis of the T¢ hexamer (2-
Zn insulin). Both chains are viewed perpendicular to the threefold symmetry axis of the insulin
hexamer (see text).

Joining of the A- and B-chain buries the sulfur atoms of cystines A6-A11 and A20-B19 as well
as the nonpolar side chains of [e??, Val™,| Leu™'s, TyrAlQ, Leu®, Leu®!, and Leu®". The edge
of the hydrophobic core in part exposes Val™’, Ile*”, Val®'?, val®'®, Phe® and Tyr"*.
Together, these conserved residues contribute to the stability of the native structure. The latter
residues also contribute to the surface of the molecule that is partially exposed to solvent in the
monomer and involved in dimerization or hexamer assembly discussed below.

The conserved Phe at position B25 is of special interest. Whereas in the T state its main chain
amide group hydrogen bonds to the carbonyl oxygen of Tyr*'"®, the side chain can adopt different
orientations (Figure 8). In molecule I Phe®® is folded against the hydrophobic core of the same
protomer but in molecule II the aromatic ring is displace outward. The actual orientation of
Phe®” in solution is likely an intermediate conformation (207, 209, 221-223).Molecules I and II
also display notable differences in A-chain structure. Subtle differences between the two
molecules of the dimer are also seen in the pattern of hydrogen bonds in the N-terminal A-chain
a-helix (A1-A8). These differences are accentuated in the TR transition (below) and may
foreshadow the mechanism of induced fit on receptor binding (62). Such findings illustrate the
general principle that insulin (like other globular proteins) exhibits highly organized structure
that may nonetheless undergo adjustments on assembly or interactions with ligands or other
proteins.
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Figure 8. Structural illustration of the monomer-monomer interface in the insulin dimer. The
dimer is viewed along the crystallographic 2-fold axis. The side chains of residues Val®'?,
LeuBlS, PheB24, PheBzS, and TyrB26 which form the core of the insulin dimer are illustrated in the
figures (not labeled: Pro”**). Four main-chain hydrogen bonds are formed from the main-chain
atoms of Phe®** and Tyr®* are illustrated as dotted lines. In the panel (b) is a magnified view of
the dimer interface in panel (a).

INSULIN SELF-ASSEMBLY

Dimerization. The Tg insulin hexamer contains three dimers in which molecules I and II form an
extensive nonpolar interface (Figure 8a). The C-terminal segments of each B-chain come
together to form an antiparallel B-sheet (residues B24-B28 and its dimer-related mates). This

sheet, containing four intermolecular main-chain hydrogen bonds, is further stabilized by

hydrophobic interactions involving the side chains of Val®'?, TyrBw, Phe®*, TyrB26, Pro®®®, and
to some extent, Phe®® (Figure 8b). These residues are shielded from contact with solvent (with
the exception of Phe®>).Although dimerization is associated with local and non-local damping
of conformational fluctuations within the protein (relative to the isolated monomer) (224), an
entropic drive is obtained from desolvation of non-polar surfaces, predicted to liberate bound



water molecules into the bulk solution (54). Dimerization does not require zinc ions and exhibits
a dissociation constant K4 of approximately 10° M (218, 225-227).

Hexamer Formation. In the presence of Zn>", insulin dimers associate to form hexameric units
coordinated by two zinc ions within the central axis of the hexamer (Figure 6). These axial Zn*"
ions are coordinated to the imidazole groups of His®'"" (three per zinc ion) (84) and in a particular
instance to His®® (181, 228). Several hexameric forms of insulin have been crystallized of which
the classical Tg structure (“2-Zn insulin” (2)) remains the prototype (54). In the this hexamer
three dimers are related by a 3-fold symmetry axis, which is located in the hydrophilic pore at the
center of the hexameric unit that connects the two Zn>" ions (84). Each zinc ion is octahedrally
coordinated to three His®'"® imidazole nitrogens and three water molecules. The three-fold
symmetry axis is perpendicular to the approximate two-fold symmetry axis of the dimers.
Contacts between dimers in the hexamer are less extensive than contacts between protomers
within the dimer (204). The Ts hexamer is approximately 50 A in diameter and 35 A in height
(84).

Allostery among Hexamers. In crystals and in solution insulin forms three structural families of
hexamers (Ts, TsR%, and Re). The equilibrium between these structures is modulated by salt
concentration and the binding of phenolic ligands (which favors the R state or frayed R' state).
The T3Rf3 hexamer (formerly designated 4-Zn insulin with rhombohedral crystal form) and Rg
hexamer are arranged similarly to the classical T¢ hexamer in overall aspects. The local and non-
local structural rearrangements among these three families of hexamers are collectively
designated the TR transition (197). Molecular analysis of this transition has provided an
influential biophysical model for the propagation of conformational change in protein assemblies
(229). Because elements of the TR transition may also pertain to the mechanism of receptor
binding (below), we shall describe salient features of the TsR', and R hexamers in turn.

TsR';s Hexamers (4-Zn Insulin). The classical “rhombohedral transition” of zinc insulin
crystals was induced by high concentrations of sodium chloride (54). The structural basis of this
transition was elucidated by D. C. Hodgkin and coworkers in 1976 (181). Each dimeric unit
consists of one molecule I and one molecule II monomer. Whereas in the hexamer the molecule
I trimer (T3) has the same octahedral zinc-ion coordination as in the T¢ hexamer, the molecule II
trimer (R'3) exhibits substantial, however, displays structural reorganization. The N-terminal B-
chain residues B3-B8 (with “fraying” of flexible terminal residues Bl and B2) forms a
continuous extension of the central B9-B19 a-helix. This transition in secondary structure, which
entails a movement of more than 25 A at B1 (204), is coupled to a change in coordination of the
second axial zinc ion from octahedral to tetrahedral; the stoichiometry of zinc ions per hexamer
is on average 2.67 (181). The TR transition also causes a rotation of the A1-A8 a-helix (thus
requiring a reorganization of the details of side-chain packing in the hydrophobic core and
change in conformation of the A7-B7 disulfide bridge) and small displacement of the B24-B28
B-strand away from the A chain, breaking the main-chain hydrogen bond between Phe®* and
Tyr*"’. Similar T3R's hexamers may be induced at lower salt concentrations by phenolic ligands
wherein the R trimer contains three bound phenolic molecules (230).

Rs Hexamers. High concentrations of phenolic ligands induce a further conformation change
to form the R hexamer (182, 231). The hexamer contains six (or uncommonly seven) bound
phenolic ligands. Crystal forms exist which exhibit rigorous sixfold symmetry or which contain



six independent protomers in the asymmetric unit with only quasi-sixfold symmetry. In the Rg
hexamer each protomer contains a continuous B1-B19 a-helix and breakage of the B25-A19
main-chain hydrogen bond association with a small displacement of the B-chain C-terminus
segment from the A chain. The specific binding site for the phenolic ligand does not pre-exist in
the Te structure but is may occur in nascent form as part of an extended conformational
equilibrium among the three hexamer types. In this R-state-specific binding pocket two
hydrogen bonds engage the phenolic hydroxyl group from the A6 carbonyl oxygen and All
amide hydrogen. The side chain of His™ packs against each phenolic molecule. Tetrahedral
coordination of the zinc ions resembles that of the salt-induced R'; trimer of 4-Zn insulin (above)
(182).

Although the TR transition was originally defined in the crystalline state, spectroscopic studies
have verified that an analogous equilibrium exists in solution (232, 233). This conformational
transition of B-chain secondary structure has been studied extensively in solutions of hexameric
insulin by monitoring changes in the coordination of Co*" (Ni*" and Co®" also form hexamers)
from octahedral to tetrahedral using visible-absorbance spectroscopy (232, 234), changes in o-
helical content detected using circular dichroism (235, 236), or 2D-NMR (189, 205, 237, 238).
The solution structure of the phenol-stabilized Rs hexamer resembles the crystal structure (182).

In addition to the clues provided by the TR transition with respect to the mechanism of receptor
binding (next section), the phenol-stabilized Rs hexamer exhibits augmented thermodynamic and
kinetic stability relative to the T6 hexamer. Retarding physical- and chemical degradation of the
polypeptide chains, these favorable biophysical properties have been exploited in pharmaceutical
formulations to increase the shelf-life of insulin products (239-241). Because phenolic ligands
were traditionally employed in insulin formulations due to their bacteriostatic properties (239),
their additional role as protein-stabilizing agents and their elegant structural role in the hexamer
represents the value of serendipity as a source of therapeutic advance (242).

INSULIN STRUCTURE-FUNCTION RELATIONSHIPS

It is the insulin monomer that binds to and triggers the insulin receptor. A key unresolved issue is
the extent to which the monomer undergoes a change in conformation on binding to the insulin
receptor. It is likely that the molecular understanding of how insulin binds were be deepened in
the next five years through advances in structural biology of the insulin receptor (30).

The predominance of structural information as described above pertains to insulin hexamers as
described above. Although of biological relevance (insulin undergoes zinc-dependent hexamer
self-assembly and micro-crystallization in the secretory granule of the p-cell (57, 121, 123, 243,
244)), it is unlikely that a substantial amount of hexamer exists in the plasma wherein the
concentration of zinc ions is low. Further, although zinc-free dimers are be present in the portal
circulation, progressive dilution of the secreted insulin in the systemic circulation would lead to a
predominance of monomeric molecules. NMR studies confirm that the conformation of the free
monomer in solution (187, 188) resembles that of the T-state crystallographic protomer (54), but
its flexibility raises the possibility that receptor binding is associated with induced fit.

With this caveat in mind, the three-dimensional crystal structure of insulin has nonetheless
allowed specific residue positions and side-chain orientations to be related to biological activity.



Such analogs have been obtained by synthetic methods (245), comparison of species variants
(246), and site-directed mutagenesis (4, 247). Together, such analyses of structure-activity
relationships in insulin have yielded an understanding of which residues and positions are
necessary for receptor binding (13, 54, 62, 84, 248). Although such data may be confounded by
indirect effects of amino-acid substitutions on the structure of the hormone, overall aspects of the
long-sought structure of the hormone-receptor complex have been inferred from photo-cross-
linking studies (249-252) and recently been confirmed in a low-resolution co-crystal structure of
insulin bound to a fragment of the receptor ectodomain (62).

Several assays have been used to determine the binding potency of insulin analogs such as (a) the
in vivo mouse convulsion assay, (b) in vitro receptor binding studies of analogs in competition
with radio-iodinated insulin, and (c) by the ability of insulin analogs to enhance '*C-glucose
oxidation, or conversion of *H-glucose into lipids in adipocytes (205). Most of these studies
show a strong correlation between receptor binding and biological activity (84, 233, 246), except
for high-binding affinity analogs (>120%) which show only 100% activity in vivo probably due
to rapid clearance or very low-binding analogs which may accumulate at the cell surface and
generate a higher-than-expected activity due to decreased clearance (253).

Three conserved regions in insulin have been of particular interest in the primary receptor-
binding surface of insulin: (i) the N-terminal and C-terminal segments of the A chain (Gly™'-
He"2-Val-Glu™* and Tyr*"-Cys"**-Asn™*"), (ii) the central o-helix of the B chain (especially
Val®'?) and (iii) and the C-terminal segment of B chain (Phe**-Phe®®-Tyr®*®). All of these
residues are located on or near the surface of insulin and therefore may interact with insulin
receptor (254). This surface is notable for clinical mutations associated with a monogenic
syndrome of adult-onset diabetes mellitus. The substitutions are Val**—Leu (Insulin
Wakayama), Phe®**—Ser (Insulin Los Angeles), and Phe®*—Leu (Insulin Chicago) (255-260).
Whereas the A3 and B25 mutations markedly impair receptor binding, Ser®>* impairs binding by
less than tenfold as will be discussed in the final section of this chapter (261, 262). Evidence for
the proximity of these three surfaces to the insulin receptor has been obtained by residue-specific
photo-cross-linking studies (252, 263).

The above surfaces of insulin are classified as its “Site-1" related binding surface by DeMeyts
and colleagues in relation to a proposed “Site-2” related surface (264-266). Sites 1 and 2 pertain
to a proposed architecture and mode of binding of the insulin receptor . The putative Site-2
related surface of insulin, although not rigorously established in the hormone-receptor complex,
is proposed to correspond to its hexamer-forming surface, including residues His®'"’, Leu®'”,
val®"®, Ser*'?, Leu™"” and Glu™'” (264-266). Substitutions in Site 2 affect the kinetic properties
of hormone binding disproportionately to effects on affinity. Such kinetic properties (related to
the residence time of the hormone-receptor complex) correlate with relative post-receptor
signaling pathways; prolonged residence times favor mitogenic signaling relative to metabolic
signaling (267, 268). Although the location of Site 2 in the ectodomain of the insulin receptor is
not well defined, such interactions are likely to be of pharmacological interest in relation to the
risk of cancer in patients exposed to high doses of insulin (269-272).

We discuss in turn structure-activity relationships in the A- and B chains and conclude this
section with a brief summary of structural relationships in the ectodomain of the insulin receptor.



A-Chain Analysis. The low-resolution structure of insulin bound to a fragment of the receptor
strongly suggests that the A chain retains its native secondary structure (with two o-helices) and
tertiary U-shaped structure on receptor binding (62).

The N-terminal residues of the A chain are conserved among vertebrate insulins and have been
extensively investigated for their relevance in ligand receptor interactions. N-acetylation of the
A-chain N-terminus results in a reduction of receptor binding to approximately 30%, suggesting
the importance of a positively charged free amino group at Al (233). Deletion of Gly”*' also
results in a reduction in receptor binding to 15% of native hormone. Substitution of Gly*' by
diverse L-amino acids results in analogs having reduced binding of 2-20% whereas D-
substitutions are well tolerated (273-277). The precise size, shape and hydrophobicity of Ile**
and Val™ are stringently required for high-affinity receptor binding (278, 279). The A2 and A3
side chains adjoin the C-terminal a-helix of the receptor a-subunit (designated aCT; see below)
in the low-resolution structure of insulin bound to a receptor fragment (62). Although the details
of side-chain packing were not resolved, a nonpolar interface is implied by the predicted registry
of the respective a-helices at this interface. Such contacts are in accord with photo-cross-linking
studies (252).

The invariant C-terminal A-chain residues (Tyr*'’-Cys**°-Asn™*") have also been studied and
may have dual roles in structure and function. Whereas the primary role of Tyr*"? is likely to be
structural through its long-range packing with the side chain of Ile** (280), the para-OH group
of Tyr*" is exposed to solvent and may contact the receptor. Substitution by Phe or Trp (281-
283) or modification of the ring by mono- or diiodination (284) impairs activity. (The other
tyrosine in the A-chain (Tyr*'*) is not conserved and may be modified with little change in
activity (285-287).) Removal also impairs activity (288) but substitutions are well tolerated. In
the crystal structure the A21 main-chain amide donates a hydrogen bond to the main-chain
carbonyl of Gly®* (84), and Katsoyannis and colleagues have provided elegant evidence (based
on the inductive effect of fluoro-substitutions) that the strength of this hydrogen bond contributes
to the efficiency of disulfide pairing in chain combination (289-291). The side chain of Asn**!

was not well defined in the low-resolution structure of insulin bound to a receptor fragment (62).

B-Chain Analysis. The B chain of insulin has been more extensively studied than the A
chain, particularly with respect to the TR transition (B1-B8) (197, 229, 232, 238, 292-296) and
receptor-binding determinants in the C-terminal -strand (B24-B28) (297-299). Although neither
of these segments was well visualized in the low-resolution structure of insulin bound to a
receptor fragment (62), their absence is likely to reflect technical features of the model system
(such as disorder in the co-crystals or absence of the fibronectin-homology receptor domains; see
below). Nonetheless, the relative positions of structural elements in the low-resolution co-crystal
structure suggests that the B chain (unlike the A chain) undergoes a change in conformation
involving its unseen N- and C-terminal segments.

The immediate N-terminal B-chain residues (Phe®'-Val®*-Asn®*-GIn®*) can be deleted with only
modest reductions in biological activity (60-70% that of insulin in lowering blood glucose in
rabbits) (300, 301). These results suggested that the N-terminal four residues are of limited
significance in the hormone-receptor complex. By contrast, successive removal of His™ results
in an analog, des-pentapeptide(B1-B5)insulin, that possesses only 15% activity (301, 302).
Further deletion of Leu®™ results in a compound with < 1% binding affinity; and substitution of



Leu® by other amino acids (Gly, Ala, and Phe) in full-length insulin results in reduced binding
[< 0.1%-10%] in the order presented (303). Cystine A7-B7 lies on the surface of the free insulin
monomer and may in principle contribute to receptor binding.

Evidence for the importance of Gly™ to the biological activity of insulin has been obtained by
non-standard mutagenesis (213, 304). This position represents the crux of the TR transition. In
the T-state Gly"® lies at the junction between the central a-helix of the B-chain (as part of the
B7-B10 B-turn) and its N-terminal segment whereas in the R state Gly"® (like His") is part of an
extended a-helix. Gly™ exhibits different ¢ dihedral angles in the two states: positive in the T-
specific p-turn and negative in the R-specific a-helix. Substitution of Gly™® by D- (or L-) amino
acids leads to stereospecific stabilization (or destabilization) of the T-state. Remarkably, the
stabilizing D-substitutions markedly impair receptor binding (213, 214). This impairment is
associated with a shift in the conformational equilibrium among T, T3Rf3, and Rg hexamers
favoring the T-state (213). The low biological activity of such nonstandard analogs is ascribed to
stabilization of a native-like but inactive T-state conformation (304). In four different low-
resolution structures of insulin or insulin analogs bound to a receptor fragment (62), the inferred
¢ dihedral angle of Gly®® appears to be R-like in three of the structures and T-like in the
remaining structure. It is possible that Gly™® is a site of conformational change in the hormone-
receptor complex but not coupled to an R-like a-helical transition of residues B1-B7. An
alternative possibility is that a Gly™® “switch” functions to adjust the conformation of cystine A7-
B7 and in turn optimize the spatial relationship between the central B-chain oa-helix and N-
terminal A-chain a-helix.

Importance of the B-Chain COOH-terminus. The B-chain C-terminal B-strand is the most
extensively investigated region of insulin. Deletion analysis has revealed that the C-terminal
residues TyrB26, Thr®”, Pro®*, LysBzg, and Thr®*° may be removed; the resulting analog des-
pentapeptide(B26-B30)-insulin-amide (i.e., lacking a C-terminal carboxylate) is fully active
(305, 306). This and related truncated templates have been widely employed in studies of
structure-activity relationships (307, 308) and for synthesis of a pioneering B25-specific photo-
cross-linking reagent by Katsoyannis and colleagues (250). The C-terminal five residues are
nonetheless necessary for dimerization and hexamer formation (200, 309-311). Crystal and
NMR-based structures of such truncated analogs retain native-like structures in the o-helical
core of the protein (200, 201, 208, 309, 312). Despite the dispensability of residues B26-B30 for
receptor binding, successive removal of Phe®” and Phe®® (with analogous C-terminal
amidation) progressively impairs receptor binding (relative affinities 6% and 0.2% binding,
respectively) (313). Photo-cross-linking studies have provided evidence that these side chains
contact the insulin receptor (249-251, 314) and may also provide sites of conformational change
(184, 192, 193, 209).

Phe®”. The aromatic ring of Phe** stabilizes the B20-B23 B-turn and seals one edge of the
hydrophobic core adjoining cysteine A20-B19. The functional importance of Phe®** is indicated
by the efficient photo-cross-linking of a para-azido-Phe®** probe to insulin receptor (251, 314)
and by the low activities of diverse analogs, including Tyr®** and Ala®** (each impaired by >50-
fold) (298). Surprisingly, however, substitution of Phe®** by Gly is well tolerated (184, 297,
298, 315), and D-amino-acid substitutions can even enhance receptor binding (259, 297, 310).
Although a range of NMR and fluorescence studies of such anomalous analogs have been

reported with varying results (which may in part reflect protein flexibility rather than stable



elements of structure) (190, 193, 316), NMR studies of a super-active engineered monomer
containing D-Ala"** have suggested that the main-chain at position B24 may be a site of a
conformational change on receptor binding (192), leading to detachment of the B24-B28 [3-
strand from the o-helical core of the hormone as long envisaged (184, 209, 297). Such
detachment is supported by the low-resolution co-crystal structure of a model hormone-receptor
complex (62). Interestingly, D-amino-acid substitutions at position B24 impair (rather than
enhance) the binding of truncated insulin analogs lacking residues B26-B30 (297, 298). A
possible explanation for this finding is that chiral perturbation is not needed to displace the
truncated (3-strand whereas the D-side chain itself is less favorably oriented in such analogs.

Phe®. Photo-reactive insulin analogs containing para-azido-Phe or para-benzoyl-Phe at
position B25 efficiently cross-link to the receptor (249-252). For this reason and due to the
marked inactivity of Phe®”—Leu (Insulin Chicago) (313), substitutions of Phe® has been
extensively studied. High activity requires a trigonal (sp2 hybridized) y-carbon as in aromatic
side chains rather than a tetrahedral (sp3 hybridized) y-carbon as in Leu (298, 299). Tolerance of
[-napthyl-alanine nonetheless suggests that there is room at the hormone-receptor interface for a
larger aromatic side chain. Interestingly, the activities of certain low-binding analogs, such as
[homo-Phe®*]-insulin, are in part rescued when B26-B30 is removed. These experiments suggest
that PheB25 may make two contributions to receptor binding: the specific docking of its side
chain and as a further site (in addition to B24) of main-chain conformational change leading to
detachment of the B-chain C-terminal segment.

STRUCTURE OF THE INSULIN RECEPTOR

Nearly forty-five years after the structure of insulin was first solved, it is known only in part how
insulin binds to its receptor, progress being slowed by the biochemical and structural complexity
of the insulin receptor, a heavily-glycosylated disulfide-linked (af8), dimer.

In the biosynthesis of the insulin receptor each pro-receptor monomer is proteolytically cleaved
into an N-terminal o-chain and C-terminal B-chain linked by a single disulfide bond. The
extracellular portion of the (af3), dimer includes both a-chains as part of each transmembrane [3-
chain. Each receptor monomer consists of several structural domains: from the N-terminus, a
leucine-rich repeat domain L1 (residues 1-157), a cysteine-rich region (CR, residues 158-310) a
second leucine-rich repeat domain L2 (residues 311-470), and three fibronectin type-III
domains: FnllI-1 (residues 471-595), FnllII-2 (residues 596-808) and FnllI-3 (residues 809-906).
FnllI-2 contains a ~120-residue insert domain (ID, residues 638-756) which contains the a/f3
cleavage site. C-terminal of the Fnlll-3 domain lies a single transmembrane o-helix, followed
by a ~40-residue intracellular juxtamembrane region (JM), a tyrosine kinase (TK) catalytic
domain and a ~100-residue C-tail.

Crystallographic studies of the free ectodomain by C. Ward and colleagues (220) have shown
that the extracellular domain assembles as an inverted “V”; in each protomer the L1-CR-L2
domains forming one leg and the three Fnlll domains the other (Figure 9). One protomer is
related to the other in the dimer by a two-fold rotation about the axis of the inverted “V”,
resulting in the L1-CR-L2 leg of one monomer being packed against the three Fnlll domains of
the other. As discussed above, current models envisage that hormone binding is mediated by two
adjoining structural elements termed Site 1 and Site 2 (30, 265, 317). Both sites are required for
high-affinity hormone binding and negative cooperativity (264, 265, 318).
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Figure 9. Structure of the free ectodomain of the insulin receptor. The original structure was
determined by Ward and colleagues (220) and refined to include the aCT element (magenta
within dashed ovals) by Lawrence and colleagues (61). The disulfide-linked dimer of intact a
subunits and truncated 3 subunits ((cf3.),) was stabilized by F,, immunoglobulin fragments. The
dimeric structure adopts an inverted-V conformation. Abbreviations: aCT, C-terminal o-helical
element of the a-subunit; CR, cysteine-rich domain; Fnlll-1,2, and 3, fibronectin homology
domains 1, 2 and 3; IDa, the portion of the insert domain within the a-subunit; and L1 and L2,
large domains 1 and 2. We thank M. C. Lawrence for preparation of the figure (reprinted from
the web-based Supplement to Ref (62) with permission).

The primary hormone-binding surface is provided by Ste 1, containing two distinct regions: (i)
the central of the three $-sheets that make up the L1 domain, and (ii) the last 16 residues of the
a-chain (the so-called aCT segment). In the intact ectodomain the L1 and aCT elements belong
to different ai-subunits in the (af), dimer. Co-crystals diffracting to 3.9 A have been obtained of
insulin or truncated insulin analogs bound to an L1-CR fragment of the ectodomain together with
a synthetic aCT peptide (62). Interpretation of the electron-density map was aided by modeling
based on the known structure of the L1-CR-L2 fragment and the lack of significant structural
changes in the complex. Three tubes of electron density were observed fitting the known lengths
and orientations of the three a-helices in insulin (the central B-chain a-helix and two A-chain o-
helices). The resulting model (Figure 10) is remarkable for its unexpected features. Whereas
extensive interactions had been predicted between insulin and L1, the major interface is between
insulin and aCT. The role of L1 is to bind and orient the opposite face of aCT. Further, the
position and orientation of aCT on the nonpolar surface of L1 differed from its position and
orientation in the free ectodomain (319). Such repositioning is significant as the bound location
of aCT is such as to displace residues B26-B30 from their positions in classical structures of



insulin. As a further surprise, with the exception of the B-chain C-terminal segment (not
visualized in the reported structure), it is the A chain (and not the B chain) that provides the more
extensive receptor-binding surface. The key A-chain recognition element comprises A1-A4 as
anticipated by mutagenesis and chemical modification as discussed above.

Figure 10. Structure of the “micro-receptor” complex between insulin and a fragment of the
insulin receptor (62). This ternary complex contains an L1-CR fragment of the receptor o-
subunit, a synthetic aCT peptide, and insulin. Abbreviations: aCT, C-terminal a-helical element
of the a-subunit; CR, cysteine-rich domain; InsA and InsB, respective A- and B chains of
insulin; and L1, large domain 1. We thank M. C. Lawrence for preparation of the figure
(reprinted from Ref (62) with permission).

The current low-resolution structure rationalizes a wealth of prior biochemical data but leaves
unanswered many questions. How and why the B chain changes conformation on receptor
binding and how such changes may be propagated to effect signal transduction are not clear.
Further, because residues B1-B7 were not visualized, the relevance of an R-like transition in
secondary structure could not be definitively evaluated. A possible location for Site 2 was
suggested when the structure of the insulin receptor ectodomain dimer was determined (220):
loops at the junction of the Fnlll-1 and Fnlll-2 domains from the protomer opposite to that
contributing the L1 domain to Site 1. This model is consistent with the "cross-linking" trans
binding mechanism of receptor activation (265, 318, 320). To date no co-crystals have been
reported with receptor fragments containing Site 2.

MUTATIONS IN THE INSULIN GENE

The classical insulopathies (Insulins Chicago, Los Angeles and Wakayama) accumulated in the
blood stream as mutant insulins. These all have point mutations that lower receptor binding and



biological activity. Rare clinical syndromes result from mutations elsewhere affecting key steps
in biosynthesis within the B-cell (321).

A monoallelic genetic mutation resulting in substitution of His"'’ by Asp leads to the secretion
of a mutant proinsulin (319): Asp®'’-proinsulin (Proinsulin Providence) due to its selectively
increased export via constitutive pathways of a significant proportion of the prohormone
(approx. 1/3); this fraction thus escapes processing but also undergoes increased endosomal
pathway-mediated degradation, resulting in circulating hyperproinsulinemia in a mouse model
(322, 323). No defect was observed in the processing of the fraction of the Asp®'® proinsulin
that remained within the regulated secretory pathway. Asp®'’-insulin also exhibits enhanced
binding affinity (324) and this property, in its prohormone may be related to its possible mis-
sorting, i.e. via insulin receptor mediated intracellular trafficking. Expression in cultured B-cells
has confirmed that the mutant proinsulin can be fully processed at normal rates, but a large
fraction of unprocessed mutant prohormone is released via an unregulated-constitutive pathway
(325, 326). Proinsulin processing is also impaired when Arg65 of the C-domain dibasic pair
(Lys64-Arg65) is mutated to His65 or Leu65 (Proinsulin Boston/Denver/Tokyo and Proinsulin
Kyoto, respectively) (327, 328). In all these cases the defect lies in the inability of processing
enzymes (PC3/PC1 and PC2) to cleave at the mutated cleavage site, which leads to the secretion
of a partially cleaved intermediate form of proinsulin.

Figure 11. Mutations in the insulin moiety of proinsulin associated with neonatal diabetes
mellitus. (A) Such mutations may be classified as cysteine-related or non-cysteine-related. The
latter provide probes for structural determinants of the efficiency of disulfide pairing in the
redox-coupled folding of nascent proinsulin (for review, see (10)).



It has recently been found that the majority of dominant negative mutations in the insulin gene
affecting biosynthesis and folding of the hormone lead to permanent neonatal-onset DM with
impaired secretion of the variant or wild-type insulin or proinsulin (329). Impaired B-cell
function often develops prior to maturation of the immune system and so presents as an auto-
antigen negative form of apparent Type 1 DM. Dominant mutations in the insulin gene define the
second most common genetic cause of permanent neonatal DM (9, 329-331) (relative to
heterozygous activating mutation in a subunit of the p-cell voltage-gated potassium channel,
either KCNJI1 (encoding the Kr6.2 subunit) or ABCCS (encoding the Surl subunit) (332, 333)).
Rarely the B-cells survive for years or even decades in the cases of apparently less damaging
insulin mutations, as mentioned below.

Mutations in the insulin gene causing neonatal diabetes occur in each region of preproinsulin,
including its signal peptide, A-, B- and C domains. The majority result in addition or removal of
a cysteine, leading in either case to an odd number of potential pairing sites: the resulting
imbalance leads in general to misfolding and aggregation (262, 334, 335). Mutations identified in
the insulin moiety of proinsulin are shown in Figure 11A (sequence) and Figure 11B (structure).
One human mutation encodes the same “Akita” substitution (Cys"’—Tyr) as in the /ns2 gene of
the Mody4 mouse (336-338); this dominant murine substitution thus provides a relevant model of
progressive pP-cell failure (339-341). The variant murine proinsulin in vifro undergoes partial
unfolding with increased aggregation (342). Analogous perturbations were characterized in
human insulin- and proinsulin analogs lacking cystine A7-B7 (343, 344). Heterozygous
expression of a variant Ins2 allele encoding Cys"®—Ser (identified in an N-ethyl-N-nitrosourea
screen) likewise induces DM (345). The identification of identical human and murine mutations
at position A7 suggests that the pathogenesis of neonatal DM in these patients is likewise similar
to that of the Akita mouse (336-341). Biochemical studies of clinical variants in (-cells or
neurosecretory cell lines have revealed perturbations in disulfide pairing, which range from
severe or mild depending on the site of mutation and the properties of the substituted side chain
(11, 12, 14).

Akita B-cells exhibit an early defect in the folding and trafficking of both wild-type and variant
proinsulins with elevated markers of ER stress, electron-dense deposits in abnormal ER and GA,
mitochondria swelling, and progressive loss of P-cell mass (339-341). Extension of such
findings to human variants is supported by mouse models of human mutant proinsulin constructs
(346-349).
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Figure 12. Structural features of insulin contributing to foldability. Stereo stick representations
of selected regions of the insulin protomer (2-Zn molecule 1; Protein Databank identifier 4INS).
Unless otherwise indicated, A-chain is shown in gray and B-chain in black. Selected A-chain
side chains are highlighted in color (below); golden balls indicate sulfur atoms of disulfide
bridges. (A) Environment of solvent-exposed cystine A7-B7 showing key role of the phi
dihedral angle of Gly™ (arrow), predicted to influence orientation of thiolate B7 to favor
disulfide pairing. The side chains of His® and Leu®® are shown in red. (B) Environment of
internal cystine A6-A1l highlighting packing of Leu®® and Ile®'' (red). (C) Environment of
internal cystine A20-B19 highlighting packing of A- and B-chain side chains in hydrophobic
core: (magenta) Leu™'® and Tyr*"; (red) Val®'"?, Leu®", Gly®* (ball at C, position), and Phe®**.
Important structural sites not shown: the inter-chain A3-related crevice (lined by Ile™? Tyr®**
and Pro”*®) and T-state-specific tertiary contacts between the N-terminal arm of the B-chain
(residues B1-B5) and the A-chain. This figure is adapted from Ref (216) with permission of the
author.

Whereas an odd number of cysteines presumably induces a severe block to folding, non-
cysteine-related mutations are also observed in such patients (Figure 11). Such sites of mutation
identify residues whose side chain or main-chain conformation contributes to the efficiency of
folding. Selected structural relationships in the native state presumed to direct specific disulfide
pairing in the oxidative folding pathway of proinsulin are illustrated in Figure 12. The folding
process may be visualized as a series of trajectories on free-energy landscapes of progressive
steepness with successive disulfide pairing (Figure 13A). This pathway highlights the
importance of cysteine A20-B19 as a key initial folding intermediate associated with partial



formation of native-like super-secondary structure as shown at left in Figure 13B. Competing
subsequent routes to the native state are likely to yield a variety of partial folds with accessible
unpaired cysteines (216). Aberrant disulfide bond formation between such partial folds may
account for the interruption of wild-type proinsulin folding in the presence of a non-foldable
clinical variant.
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Figure 13. Energy landscape view of promsulm 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 (B24-B26), and part of the C-terminal A-domain a-helix (A16-A20). Alternative
pathways mediate formation of successive disulfide bridges (middle panel) 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 (Figure 11 above) highlight native structural features critical to foldability. Figure
is reprinted from Ref (216) with permission of the author.

Among these, a few better-tolerated mutations present later in life as auto-antibody-negative
presumed Type 1 DM or Type 2 DM. One such mutation, presenting in the second decade as
maturity-onset diabetes of the young (MODY), is due to substitution of Arg®** by Gln. This
mutation alters a solvent-exposed site in the B21-B24 B-turn not required for receptor binding (9,
329-331). DM presenting in the third decade of life is associated with substitution of Phe®** by
Ser (256). This mutation causes only a mild impairing of receptor binding (350) but like GIn®*?



imposes ER stress at a level intermediate between over-expression of wild-type proinsulin and
neonatal variants.

Chronic elevation of more moderate ER stress in [B-cells due to subtle mutations in proinsulin
(such as substitution of Arg®” by Gln and the classical SerB24 allele of Insulin Chicago)
presumably leads to a slower loss of -cell mass (262). Such milder mutations are associated
with onset of diabetes later in childhood or early adulthood. Evidence is also accumulating that
subtle perturbations of wild-type insulin biosynthesis may contribute to the pathogenesis of non-
syndromic Type 2 diabetes (351, 352) as in the Akita mouse (353, 354). A newly recognized
biophysical contribution to such B-cell dysfunction is “molecular crowding” in the ER due to
over-expression of nascent proinsulin in the face of peripheral insulin resistance (355), a concept
that may have therapeutic implications (349).
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