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Abstract

The short half-life of insulin in the human body (4-6 min) prompted the search and discovery of
insulin-degrading enzyme (IDE), a 110-kDa metalloprotease that can rapidly degrade insulin into
inactive fragments. Genetic and biochemical evidence accumulated in the last sixty years has
implicated IDE as an important physiological contributor in the maintenance of insulin levels.
Recent structural and biochemical analyses reveal the molecular basis of how IDE uses size and
charge distribution of the catalytic chamber and structural flexibility of substrates to selectively
recognize and degrade insulin, as well as the regulatory mechanisms of this enzyme. These studies
provide a path for potential therapeutics in the control of insulin metabolism by the degradation of
insulin.
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1. Introduction

The ability of insulin-degrading enzyme (IDE) to degrade insulin was reported nearly sixty
years ago (MIRSKY and BROH-KAHN, 1949; MIRSKY et al., 1950). Despite decades of
research, the role of IDE in the degradation of insulin, as well as the cellular location of this
process, remains controversial (Authier et al., 1996; Hersh, 2006). Yet multiple lines of
evidence have accumulated, which support a role for IDE as an important protease involved
in insulin's catabolism (Duckworth et al., 1998). IDE has an exceptionally high affinity for
insulin (20-85 nM). It also has a thorough non-deterministic cleavage pattern that creates
multiple inactive insulin fragments (Duckworth et al., 1998; Chesneau and Rosner, 2000;
Grasso et al., 2007). Several examples of /n vitro evidence include over-expression studies
of IDE in cell lines, which show increased insulin degradation, studies of internalized insulin
cross-linking to IDE, as well as injection of monoclonal antibodies to prevent the action of
IDE on insulin (Shii and Roth, 1986; Hari et al., 1987; Kuo et al., 1991; Perlman et al.,
1993).

Recent evidence has strengthened the physiological relevance of this protease. A decrease in
insulin degradation and associated hyperinsulinemia was observed in IDE knockout mice
(Farris et al., 2003). In addition, reducing the levels of human IDE in HepG2 cell-line
cultured cells using silencing RNA inhibited insulin degradation by up to 76% (Fawcett et
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al., 2007). The genetic variability of the IDE gene has also been examined in humans and
rodents. For example, a large scale human genetic analysis reveals the association of a single
nucleotide polymorphism with type 2 diabetes (Sladek et al., 2007). Additional studies in a
different population also revealed a single nucleotide polymorphism in the IDE gene with
evidence of hyperinsulinemia as compared to the control group (Marlowe et al., 2006).
Further genetic evidence of diabetic susceptibility due to polymorphisms of the IDE gene
have been found in the Goto-kakizaki (GK) rat, a widely used rodent model of diabetes
(Fakhrai-Rad et al., 2000). Yet, clear genetic linkage between IDE dysfunction and type-2
diabetes remains in dispute (Groves et al., 2003; Karamohamed et al., 2003; Gu et al., 2004;
Florez et al., 2006). Importantly, IDE is not the sole enzyme responsible for insulin
degradation: cathepsin D has also been shown to participate in the lysosomal degradation of
insulin (Authier et al., 2002).

IDE (EC 3.4.24.56, insulysin, or insulinase) is an evolutionarily conserved 110-kDa zinc
metalloprotease. It has been described principally as a cytosolic enzyme but is also found in
multiple cellular compartments including endosomes, peroxisomes, mitochondria, the cell
surface and in secreted form (Authier et al., 1995; Qiu et al., 1998; Vekrellis et al., 2000;
Sudoh et al., 2002; Leissring et al., 2004; Qiu and Folstein, 2006). Its enzymatic activity is
optimal at a physiologically relevant pH range (6.0 — 8.5) and is sensitive to the
metalloprotease inhibitor 1,10-phenanthroline but not to other non-metalloprotease
inhibitors (Duckworth et al., 1998). Although IDE has greatest affinity for insulin, it has
been implicated in the degradation of other amyloidogenic peptides (Duckworth et al., 1998;
Kurochkin, 2001; Farris et al., 2003; Shen et al., 2006). Notably, glucagon, a peptide also
implicated in glucose metabolism, is degraded by IDE. The recent structural solution of IDE
with insulin B chain, glucagon and amylin (Shen et al., 2006) and the substrate-free
conformation (Im et al., 2007), has increased understanding of the mechanisms of how IDE
interacts with insulin and facilitates its degradation.

These multiple lines of evidence along with recent structural analyses all implicate this
highly conserved and ubiquitous metalloprotease in the complex metabolic cycle of insulin.
Understanding how IDE itself is regulated has become a vital area of research and improves
understanding of how IDE degrades insulin while participating in other cellular processes.
We will focus on the molecular structure and regulatory mechanisms of IDE and how this
contributes to insulin metabolism.

2. Structure of IDE

The structural solution of IDE reveals important information about how it associates and
degrades substrates. In its monomeric form, IDE is made of two roughly equal sized
domains (~55 kDa); IDE-N and IDE-C that are connected by a 28 amino-acid residue loop
(Figure 1). When the two halves come together, a crypt is formed (hence crypt forming
peptidase) enclosing its substrates and preventing entry or escape. The crypt has a volume of
approximately 15,700 A3, which excludes peptides larger than ~ 70 amino acids (Malito et
al., 2008). The two halves, when closed, share a high surface area (11,496 A2) and possess
good shape complementarily (Shen et al., 2006). The catalytic site is located inside the crypt
in IDE-N (Figure 1). This site is rich in charged, polar, and hydrophobic patches (Shen et al.,
2006), which facilitate interaction with both IDE-C and substrates. IDE-N also possesses an
exosite, which is approximately 30 A away from the catalytic site. Here, the N-termini of
ligands are tethered. This site may play a role in the positioning of insulin for cleavage
(Shen et al., 2006; Im et al., 2007). This exosite interaction may also contribute to the unique
non-deterministic cleavage patterns of IDE's substrates and may be a potential regulatory
factor.
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Substrate recognition of IDE

The structural solution of IDE in complex with the insulin B-chain, glucagon, and amylin
provides insight into how IDE-substrate interaction and cleavage mechanisms occur. All
three substrates do not exceed 70 residues and fit entirely within the crypt switching from an
a-helix to a B-strand conformation upon binding to IDE (Shen et al., 2006). This
conformational change allows the substrate to interact non-covalently with two areas of
IDE-N; the catalytic site and the hypothesized exosite. Once trapped, the N-terminus of the
substrate is anchored to the exosite of the enzyme by interacting with a p-sheet of IDE-N
(Shen et al., 2006). The exosite represents an interesting region of IDE, which is highly
conserved and may have a regulatory function contributing to substrate specificity and
catalysis (Shen et al., 2006; Im et al., 2007). This interaction serves as a molecular tether,
allowing the proper positioning of the C-terminal end of the substrate to the catalytic site
where cleavage occurs.

The presence of disulfide bonds are a notable feature of certain substrates of IDEs (Figure
2). For example, insulin has three disulfide bonds. Interestingly, the cleavage of insulin by
IDE does not require the reduction and breakdown of these disulfide bonds. Several other
substrates of IDE (e.g., amylin, insulin growth factor | and I1) also have disulfide bonds,
which could influence their interactions with the catalytic chamber of IDE. Yet not all of
IDE's substrates possess disulfide bonds (e.g., glucagon, amyloid-beta). How the presence of
disulfide bonds influences substrate interaction in the crypt is uncertain and requires further
study.

In addition to the exosite and the catalytic site of IDE, other regions of the enzyme are
required for its functioning. IDE-N by itself possesses a mere fraction of catalytic activity
yet when IDE-C is added (as an individual component with no activity), an ~30% return of
activity occurs, suggesting the need for the non-catalytic IDE-C portion (Li et al., 2006). A
tyrosine residue (Y831), located in this region, and the primarily positive inner surface of
IDE-C may facilitate further positioning of the ligand to the active site by electrostatic
tethering. Additional interactions from domain 4 of IDE-C occur with the ligand, including
hydrogen bonding from an arginine residue (R824). In both cases, mutation of these residues
substantially decreased the specific activity of IDE towards another amyloidogenic peptide,
amyloid-beta (AB) (Shen et al., 2006).

In order to digest insulin, IDE uses its catalytic chamber (crypt) to engulf insulin entirely.
Since the volume of insulin is ~12,000 A3 it can be fully accommodated (Malito et al.,
2008). Since insulin is an acidic peptide hormone, its highly negative charged surface could
complement the positive charge surface found on the catalytic chamber of IDE-C (Shen et
al., 2006; Im et al., 2007). Only a few selective regions of insulin A and B chains are
cleaved by IDE (Figure 2). Future structural study will be needed to elucidate how IDE
engulfs insulin and selectively targets these cleavage sites.

Structural evidence for regulatory mechanisms of IDE from the substrate-free
conformation

The structural solution of catalytically active IDE in a substrate-free conformation, along
with other factors, such as surface and charge complementarity suggest that this enzyme
may normally exist in a closed state (Figure 3). When closed, no path to the crypt is seen;
thus ligands have no apparent access to the exosite and catalytic site. It has been
hypothesized that the closed conformation of IDE is a rate-limiting step for activity since
substrates cannot access the catalytic site. Thus, it is important to elucidate factors that
stabilize the closed state since they may also regulate activity of the protease. The
observation, by mass spectrometry, of multiple cleavage sites on substrates of IDE,
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including insulin, suggests that during entrapment, multiple cuts are made. It is not clear if
one catalytic cycle (i.e., open and close) is sufficient to execute all cuts. However, in the
open state, substrates and the by-products of degradation would be available to freely diffuse
in and out of the crypt.

Several factors are thought to play a role in the regulation of the catalytic cycle. Both the
high surface complementarity of IDE-N and IDE-C and the charge characteristics of the
interior surfaces may facilitate IDE to be in a closed state when inactive (Im et al., 2007).
Our previous structures revealed extensive interactions between IDE-N and IDE-C that are
predicted to act like a “latch,” which stabilize the closed conformation. Consistent with this
model, mutations that destabilize the interactions between IDE-N and IDE-C were found to
significantly increase the catalytic rate of IDE.

Consideration of the known structures of IDE and related homologs suggest that the closed
state, in the absence of substrate, is unstable. For example, crystal structures of human IDE
and a homolog from Arabidopsis thaliana, presequence peptidase (ARPreP), both solved in
their closed conformation, also contained substrates bound within their catalytic chambers
(Johnson et al., 2006; Im et al., 2007). Furthermore, the structure of the distantly related
Escherichia coli pitrilysin, which does not have an associated substrate, is in the open
conformation (Maskos, 2004). However, Im et al., 2007, through the structural
characterization of catalytically active IDE, revealed that the natural configuration of the
active site is in the closed state, suggesting that a ‘molecular switch’ yet to be determined, is
responsible for the conformational change between the open and closed state of IDE.

Additional mechanisms of regulation of IDE have been proposed and can be interpreted in
the context of the current structural models. A change in oligomeric state, with a dimeric
form of IDE showing greater activity versus the tetrameric form has been observed (Song et
al., 2003). Such interactions may occur non-covalently. This raises the importance of
understanding physiological levels of IDE and how these levels may alter the activity in
smaller compartments, such as the peroxisome. Furthermore, the abundance of cysteine
residues may play a role in the regulation of IDE via oxidative or possibly nitrosative
processes. The relative positions of the side chains of cysteine residues for IDE confirm that
several residues show exposed thiol groups on the surface or inside the crypt. Indeed, the
ability to regulate IDE and AfPreP, a related cryptidase, has been demonstrated by
introducing cysteines to promote disulfide bond formation in oxidizing environments thus
locking the cryptidase and prevent substrate access (Johnson et al., 2006; Shen et al., 2006).

3. The regulation of IDE activity

Since IDE regulates insulin levels, mechanisms of the regulation of IDE itself have captured
the interest of researchers. This work has resulted in the identification of several regulatory
mechanisms of IDE function (Figure 3). This regulation can be observed from the molecular
to the organ level. It is important to note that the regulation of IDE may not only affect
insulin degradation, but also the degradation of all the other peptide substrates.

At the genetic level, the expression of IDE, insulin, and IGF-1 receptor was demonstrated to
be highest in the kidney and liver of rats, indicating an anatomical correlation of IDE in the
catabolism of insulin and IGF (Bondy et al., 1994). Additionally, the enzymatic activity of
IDE from the homogenates of various rat tissues has been classified in a decreasing order
with their insulin degrading activity : liver > pancreas > kidney > testis > adrenal gland >
spleen > ovary > lung > heart > muscle > brain > fat (Duckworth and Kitabchi, 1974). The
highest enzymatic activity found in the liver and kidneys are consistent with the hypothesis
that IDE plays a crucial role in the catabolism of insulin. Interestingly, while IDE is an
important contributor to insulin homeostasis, insulin also contributes to the maintenance of
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IDE levels. Treatment of primary hippocampal neurons with insulin resulted in an increase
of IDE protein levels by ~25%, possibly through a feedback mechanism (Zhao et al., 2004).
These findings suggest that genetic regulation may account for the differences in expression
of IDE among tissues. While the factors that regulate IDE gene expression have not been
identified, small molecules like retinoic acid and synthetic retinoic acid analogs have been
indirectly implicated in the regulation of IDE expression (Melino et al., 1996). This suggests
the possibility of additional small molecules that may also regulate IDE gene expression and
thus insulin levels. A thorough genetic analysis of IDE gene expression and its implications
on insulin metabolism is necessary for better understanding of insulin-regulated diabetes-
related diseases (Jee et al., 2007) and the development of gene therapy as a means of
modulating the activity of IDE.

The discovery that IDE is an allosteric enzyme has introduced exciting and new details
about its mechanism of regulation. It has been demonstrated that in solution, IDE exists in
an equilibrium of dimers and tetramers, with the dimer having higher activity (Song et al.,
2003). Upon substrate binding a ‘heterodimer’ of IDE (one wild-type and one mutant
subunit) activated the adjacent subunit, restoring the activity of the second subunit (Song et
al., 2003). This may occur via conformational changes. This finding was followed by the
identification of certain small peptide substrates, such as dynorphin B, that can boost the
proteolytic activity of IDE towards the cleavage of AP, while at the same time inhibiting the
hydrolysis of insulin (Song et al., 2003).

In addition to certain peptide substrates, the activity of IDE is also influenced by other
factors. For instance, calcium-depleted muscle tissue has decreased ability to degrade insulin
and reduced IDE activity. However, the addition of calcium to muscle returns insulin
degradation (Ryan et al., 1985). The catalytic activity of IDE /n vitro was also observed to
be inhibited by free long chain fatty acids and acyl-CoA (Hamel et al., 2003). This suggests
that elevated intracellular long-chain fatty acid concentrations may act directly on IDE to
decrease insulin metabolism. This type of regulatory mechanism may explain the correlation
between hyperinsulinemia and insulin resistance with elevated fatty acids and obesity
(Hamel et al., 2003).

Insulin degradation by IDE is also affected by ATP through the triphosphate moiety
(Camberos et al., 2001; Song et al., 2004). A complete inhibition of insulin degradation was
observed with the addition of ATP to purified IDE with the inhibitory effect being greater
with ATP than with ADP and AMP. ATP also had the ability to shift the oligomeric
equilibrium to a monomer suggesting that IDE contains an allosteric site yet to be
determined. Thus, the energy status of the cell may serve as feedback inhibition for insulin
hydrolysis. In addition to ATP serving as an allosteric regulator by promoting the transition
from tetrameric to dimeric forms of IDE, ATP might facilitate the transition from the closed
to the open state (Im et al., 2007). Im et a., (2007) studied the activating effect of ATP and
found that its effects are reduced in IDE mutants containing mutations that destabilize the
closed state. Furthermore, they provided evidence, through biophysical studies, that ATP
induces substantial /ntramolecular conformational changes within IDE. Thus, there is direct
evidence that the regulatory mechanism of ATP extends to also facilitating the transition
from the closed state to the open state (Im et al., 2007) (Figure 3).

The regulation of IDE extends to the cellular compartmentalization and tissue distribution.
The subcellular localization of IDE is dependent on the specific cell type. For the most part,
the concentration of IDE is highest in the cytosol, (~95%) and a minor percentage (1% to
5%) is contained in endosomes, peroxisomes, mitochondria, cell surface, and the
extracellular milieu (Authier et al., 1995; Duckworth et al., 1998; Qiu et al., 1998; Vekrellis
et al., 2000; Leissring et al., 2004). Although IDE has been found in many cellular locations,

Viitam Horm. Author manuscript; available in PMC 2013 May 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hulse et al.

Page 6

the exact compartment responsible for insulin hydrolysis is still a controversial issue
(Authier et al., 1996; Hersh, 2006). Given the cellular distribution of IDE, insulin hydrolysis
may occur intracellularly (either in the cytosol or endosome), at the cell surface, or through
the action of secreted IDE. Furthermore, degradation of insulin may occur in different
cellular compartments depending on the cell type. For example, primary microglia cells
have been shown to secrete IDE while hippocampal neurons possess membrane associated
forms (Mentlein et al., 1998; Qiu et al., 1998). Further studies will be necessary to
conclusively pinpoint the site of insulin degradation in the cell.

Oxidative stress was recently proposed as another modulator of IDE activity. Enzymes, like
IDE, that have metals on or near the active sites can be particularly sensitive to oxidation,
which may result in loss of their catalytic function depending on the extent of the oxidative
damage (Stocker and Keaney, 2004). A variety of human diseases, such as Alzheimer's
disease, diabetes and cardiovascular disease, have been associated with oxidative stress
(Stocker and Keaney, 2004) with the modification of several enzymes as a contributing
factor. Some examples of proteins that are targeted by oxidative stress include glutamine
synthetase, mitochondrial aconitase, adenine nucleotide translocase, carbonic anhydrase 111,
and calcineurin. IDE has been shown to be vulnerable to treatment with physiologically
relevant oxidants /n vitro. Yet while insulin degradation was not directly assessed, it is
thought that inactivation would extend to insulin cleavage (Shinall et al., 2005). Since it has
been demonstrated that oxidative stress can alter IDE activity, it is important to elucidate the
molecular and structural basis of IDE oxidation and identify whether this modification can
occur /n vivo. Together, this may provide the knowledge to spare IDE activity in the
presence of oxidative stress.

4. Conclusion

Considerable evidence implicates IDE in the degradation of insulin. While the affinity of
this interaction is exceptionally high, the ability to degrade other peptides and an observed
gradient of insulin degrading ability based on tissue emphasizes the importance of
understanding how this protease is regulated. Structural and biochemical evidence
emphasize the importance of several factors including conformational state, presence of
ATP, as well as the oligomeric state (Figure 3). These factors, in addition to the presence of
a crypt, which engulfs peptides, may all play a role in IDE's ability to trap several different
peptides and degrade them thoroughly.

Further structural analysis paired with strategic mutation and biochemical analysis of the
regulatory mechanisms of IDE's ability to trap full insulin will extend the knowledge of the
nature of these two protein's interactions. Such experiments will increase our ability to
understand and influence the degradation of substrates preferentially and so allowing the
exploration of the therapeutic potential of IDE. These studies will also determine the most
effective strategy for up-or down- regulation and also to determine the physiological
consequences of increased or decreased proteolytic activity.
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Figure 1. Structural conformations of | DE and the presence of a crypt

A. IDE is a 110,000 Da metalloprotease comprised of two roughly equal-sized domains;
IDE-N and IDE-C. IDE-N is the location of several regions that are important in the
interaction of substrate to IDE including the exosite and the active site. The active site is
also the location of the catalytic zinc ion. The presence of a loop joins the two domains
together. B. When closed, IDE forms a crypt with a volume of 15,700 A3 (Malito et al.,
2008)which restricts amyloidogenic peptides to less than 70 amino acids in length. In the
closed state, entrance to the catalytic and active site are occluded and substrates may not
enter or leave. Structure PDB 2JG4.
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Figure 2. Sequence, substrate cleavage and structure of | DE substratesinvolved in glucose

metabolism

1 Duckworth et al., 1998, 2 Bennett et al., 2003, 3 Kurochkin, 2000. PBDs; Full chain insulin
1ZNI, glucagon 1GCN, and partial amylin (residues SNNFGAILSS) 1KUW. Arrows
indicate sites of cleavage (Grasso et al., 2007, Shen et al., 2006), underlined arrows
correspond to P1-P1” sites of substrate verified in structures 2G56 (Zn?* free IDE bound to
insulin B chain), 2G48 (amylin bound to IDE) and 2G49 (glucagon bound to IDE). Disulfide
bonds are indicated by lines joining indicated cysteine residues.
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Figure 3. Regulators of IDE

Multiple regulatory mechanisms control the ability of IDE to degrade insulin.
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