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Abstract
A consequence of insulin-dependent diabetes mellitus is
the loss of lean muscle mass as a result of accelerated
proteolysis by the proteasome. Insulin inhibition of
proteasomal activity requires interaction with insulindegrading enzyme (IDE), but it is unclear if proteasome
inhibition is dependent merely on insulin–IDE binding or
if degradation of insulin by IDE is required. To test the
hypothesis that degradation by IDE is required for proteasome inhibition, a panel of insulin analogues with variable
susceptibility to degradation by IDE binding was used to
assess eﬀects on the proteasome. The analogues used were
[LysB28, ProB29]-insulin (lispro), [AspB10]-insulin (AspB10)
and [GluB4, GlnB16, PheB17]-insulin (EQF). Lispro was
as eﬀective as insulin at inhibition of degradation of

Introduction
Insulin-dependent diabetes mellitus (IDDM) is characterized by loss of lean muscle mass caused by increased
proteolysis (Smith et al. 1989). The protein loss occurring
in IDDM is reversible with insulin treatment (Rooyackers
& Nair 1997, Grizard et al. 1999). Although insulin
induces synthesis of some proteins, the increase in cellular
protein induced by the hormone is attributable mostly to
a decrease in the rate of overall cellular proteolysis (Gelfand
& Barrett 1987). The major contributor to protein loss in
IDDM is an increase in the activity of the proteasome
(Price et al. 1996, Merforth et al. 1999, Galban et al. 2001).
The proteasome is a macromolecular complex that is
responsible for degradation through the energy-dependent
ubiquitin pathway (Coux et al. 1996). The increased
proteasome activity is suppressible with insulin treatment,
suggesting that the proteasome pathway is the primary
target of the anti-catabolic eﬀect of insulin (Rooyackers &
Nair 1997, Grizard et al. 1999, Galban et al. 2001). One

iodine-125 (125I)-labeled insulin, but AspB10 and EQF
were somewhat more eﬀective. All agents inhibited crosslinking of 125I-insulin to IDE, suggesting that all were
capable of IDE binding. In contrast, although insulin and
lispro were readily degraded by IDE, AspB10 was degraded
more slowly, and EQF degradation was undetectable.
Both insulin and lispro inhibited the proteasome, but
AspB10 was less eﬀective, and EQF had little eﬀect. In
summary, despite eﬀective IDE binding, EQF was poorly
degraded by IDE, and was ineﬀective at proteasome
inhibition. These data suggest that insulin inhibition
of proteasome activity is dependent on degradation by
IDE. The mechanism of proteasome inhibition may be
the generation of inhibitory fragments of insulin, or by
displacement of IDE from the proteasome.
Journal of Endocrinology (2003) 177, 399–405

contributing mechanism may be altered expression of
mRNA for proteins involved in the ubiquitin pathway
of protein degradation, such as proteasome subunits,
ubiquitin and ubiquitin-conjugating enzymes (Wing &
Banville 1994, Price et al. 1996, Lecker et al. 1999).
However, these changes in the various mRNA species
have not been consistently observed or always correlated
with changes in proteasome activity (Larbaud et al. 1996,
2001, Wing & Bedard 1996). In addition, there is evidence that insulin can decrease the catalytic activity of the
proteasome: it has been found to inhibit the peptidedegrading activity of the proteasome in cell-free extracts
and in intact cells (Duckworth et al. 1994, 1998a, Hamel
et al. 1997, Li et al. 2000). Furthermore, this same
inhibition by insulin was seen when the ATP- and
ubiquitin-dependent activity of the 26S form of the
proteasome was measured both in a cell-free system and in
cell culture (Bennett et al. 2000b).
The ability of insulin to inhibit proteasome activity
requires the presence of insulin-degrading enzyme (IDE).
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Figure 1 Sequence of human insulin and the substituted amino acids in the analogues used in the study. Amino
acid substitutions are shown for lispro (gray), AspB10 (white), and EQF (black). The primary and secondary IDE
cleavage sites are indicated by the heavy and light arrows respectively.

IDE and the proteasome co-purify through a number of
chromatographic steps (Duckworth et al. 1994, Bennett
et al. 2000b). When IDE is either removed from the
proteasome or inhibited, insulin has no inﬂuence on
proteasome activity (Duckworth et al. 1994, 1998a, Hamel
et al. 1998). In addition to insulin, other IDE substrates,
such as atrial natriuretic peptide and relaxin, also inhibit
the proteasome (Bennett et al. 1997). A key observation in
this study was that proinsulin also inhibited the proteasome, but less eﬀectively than insulin. It was shown
previously that, although proinsulin binds to IDE with an
aﬃnity similar to that of insulin, it is itself a poor substrate
for degradation by IDE, being degraded much more
slowly than insulin (Duckworth et al. 1972). This suggests
that binding to IDE is insuﬃcient to induce proteasome
inhibition, and that IDE must degrade the substrate to
result in proteasome inhibition.
To explore the relationship between IDE binding and
degradation and the ability of insulin to inhibit proteasome
activity, we used a panel of insulin analogues, all based on
biosynthetic human insulin (Fig. 1). The [AspB10]-insulin
(AspB10) and [GluB4, GlnB16, PheB17]-insulin (EQF) analogues were developed as potential ‘long-acting’ insulin
replacements (Slieker et al. 1992). Both AspB10 and EQF
contain amino acid substitutions at key sites of cleavage by
IDE, and thus were selected for probable resistance to
degradation by IDE. The analogue [LysB28, ProB29]insulin (lispro) has increased solubility compared with
native insulin (DiMarchi et al. 1994). Lispro has no
substitutions at IDE cleavage sites, and was included for
comparison with AspB10 and EQF. In this study, it was
found that these analogues bind to IDE, but diﬀer in their
ability to be degraded by IDE. This approach allowed
distinction between the ability of insulin or its analogues to
inhibit the proteasome, and to relate this eﬀect to their
relative degradation by IDE.
Journal of Endocrinology (2003) 177, 399–405

Materials and Methods
Preparation of IDE–proteasome
Partially puriﬁed preparations of rat skeletal muscle extract
containing both IDE and proteasome were prepared as
described previously (Bennett et al. 2000a). Brieﬂy, male
Sprague–Dawley rats (140–160 g) were killed by decapitation under pentobarbital anesthesia, the hind leg muscle
was excised and homogenized, and the cytosolic fraction
was puriﬁed by 30–60% ammonium sulfate fractionation
followed by weak anion exchange chromatography. In this
preparation, IDE is the only insulin-degrading enzyme
activity. For highly puriﬁed IDE preparations, the material
was further puriﬁed by hydrophobic interaction,
chromatofocusing and strong anion-exchange chromatography steps, as described previously (Bennett et al. 2000a).
All determinations were made using independently
prepared enzyme samples. All animals were used in
accordance with the US National Institutes of Health
Guide for the Use and Care of Laboratory Animals, and all
procedures were approved by the Omaha VA Medical
Center Institutional Animal Care and Use Committee.
Insulin degradation assay
The degradation of 125I-insulin was measured by the
trichloroacetic acid solubility assay (Duckworth &
Kitabchi 1974), using appropriate concentrations of
partially puriﬁed enzyme preparation to limit insulin
degradation to the linear boundaries of the assay (c25%).
Competitive inhibition of insulin degradation was carried
out by including unlabeled biosynthetic human insulin or
an insulin analogue. Insulin and insulin analogues, and
[125I-A14]-labeled insulin were provided by Drs Ronald
Chance and Bruce Frank of Lilly Research Laboratories.
www.endocrinology.org
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I-insulin to IDE

Preparations of partially puriﬁed IDE were covalently
cross-linked to 125I-insulin using the homobifunctional
amine-reactive cross-linker, disuccinimidyl suberate
(Pierce, Rockford, IL, USA), by a procedure described
previously (Shii et al. 1985). To determine the speciﬁcity
of binding, excess (0·1 mg/ml) unlabeled insulin or an
insulin analogue was included in appropriate samples. The
samples were diluted in reducing SDS-PAGE sample
buﬀer, resolved on 7·5% SDS-PAGE, and dried. Bands of
radioactivity were visualized by PhosphorImager analysis.
Insulin and analogue degradation analysis using Tris/Tricine
gels
The degradation of insulin and insulin analogues was
determined by disappearance of the intact substrate on
Tris/Tricine gels. In a total volume of 10 µl, insulin or
insulin analogue (1 µg) was incubated with highly puriﬁed
IDE or vehicle (50 mM HEPES, pH 7·4, 0·15 M NaCl),
for 4 h at 37 C. The samples were diluted into nonreducing SDS-PAGE buﬀer, boiled for 4 min, then
immediately resolved on 16·5% Tris/Tricine gels
(Schagger & von Jagow 1987). After ﬁxation, proteins
were detected by silver staining. To conﬁrm that IDE was
the enzyme responsible for degradation of insulin and the
analogues, some samples also received the IDE inhibitor
1,10-phenanthroline (1 mM).
Proteasome activity assays
The chymotrypsin-like, trypsin-like and peptidylglutamyl hydrolyzing activities of the proteasome
were measured using the ﬂuorogenic peptide substrates N-succinyl-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin (LLVY), boc-Leu-Ser-Thr-Arg-7-amino-4methylcoumarin (LSTR) and CBZ-Leu-Leu-Glu-2naphthylamide respectively, as described previously
(Bennett et al. 1997). Partially puriﬁed IDE–proteasome
preparations were incubated with the peptide substrates
in the presence or absence of insulin or insulin analogues,
and proteasome activity was determined by increased
ﬂuorescence resulting from hydrolysis of the substrates.

Figure 2 Competitive inhibition of 125I-insulin degradation by
insulin and analogues. Partially puriﬁed IDE was incubated with
125
I-insulin in the presence of the indicated concentrations of
unlabeled insulin or analogue. Data are expressed as the
percentage of insulin degraded as measured by trichloroacetic
acid solubility assay (mean S.E.M., n=4).

interaction with IDE, but with diﬀerent aﬃnities. To
conﬁrm that the analogues bind to IDE, their ability to
compete with 125I-insulin for cross-linking to IDE was
examined (Fig. 3). In the absence of unlabeled analogue, a
band of radioactivity was readily detected at 110 kDa,
consistent with cross-linking of insulin to IDE. When
insulin or any of the analogues was included, the crosslinking was completely abolished, suggesting that all three
analogues interact with the insulin-binding site of IDE.
Because all the analogues appear to bind IDE, they can
potentially be degraded by IDE. Previous studies have
indicated that radiolabeled lispro is degraded by IDE at a
rate similar to that of native insulin, whereas radiolabeled
AspB10 is degraded at a slower rate (Hamel et al. 1999).
The ability of EQF to be degraded by IDE was unknown.
To study degradation of insulin and its analogues, the
disappearance of the native molecules in the presence of
IDE was monitored on non-reducing Tris/Tricine SDSPAGE gels (Fig. 4). In the absence of IDE, insulin and
analogues were readily detectable as single bands (left
column). In the presence of IDE (middle column), both

Results
The relative aﬃnities of insulin and the analogues for IDE
were analyzed by competitive inhibition of 125I-insulin
degradation (Fig. 2). Unlabeled insulin inhibited 125Iinsulin degradation with the expected eﬀective concentration. The lispro analogue was similarly eﬀective. The
AspB10 analogue was somewhat more eﬀective than
insulin, but EQF was more eﬀective by approximately an
order of magnitude. Therefore, each analogue is capable of
www.endocrinology.org

Figure 3 Inhibition of covalent cross-linking of 125I-insulin to IDE.
Puriﬁed IDE was incubated with 125I-insulin in the presence of
excess (0·1 mg/ml) unlabeled insulin or analogue. Bound proteins
were covalently cross-linked with disuccinimidyl suberate and
visualized by SDS-PAGE and PhosphorImager analysis.
Journal of Endocrinology (2003) 177, 399–405

Downloaded from Bioscientifica.com at 04/05/2020 01:10:00PM
via free access

402

R G BENNETT

and others

· Proteasome inhibition by insulin analogues

Figure 5 Inhibition of chymotrypsin-like proteasome activity.
Partially puriﬁed IDE–proteasome was incubated with insulin or
analogues, and proteasome activity measured with the ﬂuorogenic
substrate, LLVY. The data are expressed as the percentage of LLVY
degradation in the absence of insulin (mean S.E.M., n=3).

Figure 4 Degradation of insulin and analogues by IDE. Puriﬁed
IDE was incubated with insulin or analogue, in the presence or
absence of the IDE inhibitor 1,10-phenanthroline (1 mM). The
samples were resolved on 16·5% Tris/Tricine SDS-PAGE gels and
visualized by silver staining. Degradation was monitored by
disappearance of the substrate. The results are representative of
three independent observations.

insulin and lispro bands disappeared almost completely.
The AspB10 analogue was diminished, but to a lesser
degree than native insulin. Degradation of the EQF
analogue was undetectable. To conﬁrm that IDE was
responsible for the degradation of the analogues, the IDE
inhibitor 1,10-phenanthroline was included (right
column). In all cases, any disappearance of the substrates as
a result of degradation was completely inhibited. Thus,
consistent with the studies using radiolabeled substrates,
insulin and lispro were readily degraded by IDE, whereas
AspB10 was degraded more slowly. Furthermore, this
experiment showed that the EQF analogue, despite the
ability to bind to IDE and the increased inhibition of the
degradation of insulin by IDE, is not itself degraded by
IDE to a measurable degree.
Insulin inhibits the chymotrypsin-like and trypsin-like
activities of the 20S proteasome, and this inhibition
involves interaction of insulin with IDE. When the
chymotrypsin-like activity of the proteasome was
measured (Fig. 5), insulin and lispro had the characteristic
inhibitory eﬀect seen previously (Duckworth et al. 1994,
Bennett et al. 1997). In contrast, AspB10 was much
less eﬀective, and EQF was essentially without eﬀect.
Journal of Endocrinology (2003) 177, 399–405

Similar results were seen with the trypsin-like proteasome
activity (Fig. 6). Previous studies showed that, unlike the
chymotrypsin-like and trypsin-like activities, the peptidylglutamyl hydrolyzing activity of the proteasome was
unaﬀected by insulin. When this activity was monitored,
neither insulin nor any of the analogues had any eﬀect on
the peptidyl-glutamyl hydrolyzing proteasome activity
(data not shown). The eﬀective doses of insulin and
analogues were greater than those seen with competitive
inhibition of insulin degradation (Fig. 2). This was, at
least in part, attributable to the nature of the proteasome
assays, which require much greater (5–10-fold) enzyme
concentrations than the insulin degradation assay.

Figure 6 Inhibition of trypsin-like proteasome activity. Partially
puriﬁed IDE–proteasome was incubated with insulin or analogues,
and proteasome activity measured with the ﬂuorogenic substrate,
LSTR. The data are expressed as the percentage of LSTR
degradation in the absence of insulin (mean S.E.M., n=3).
www.endocrinology.org
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Table 1 Summary of the effects of insulin and its analogues. The
EC50 for inhibition of the degradation of 125I-insulin by IDE, or
inhibition of the proteasomal chymotrypsin-like (LLVY) and
trypsin-like (LSTR) activities was calculated from the curves
produced in Figs 1, 4 and 5
Inhibition of degradation EC50 (nM)
125

Insulin
Lispro
AspB10
EQF

I-Insulin

34
32
16
4

LLVY

LSTR

Degradation
by IDE

54
40
562
6459

99
101
833
2479

+
+
+/


+, readily degraded by IDE; +/, somewhat degraded by IDE; , not
degraded by IDE.

The overall ﬁndings are summarized in Table 1. The
ability to bind IDE, as measured by competitive inhibition
of 125I-insulin degradation, was greatest for the EQF and
AspB10 analogues. Conversely, these analogues were the
least eﬀective inhibitors of proteasome activities. Finally,
the AspB10 analogue displayed impaired degradation by
IDE compared with native insulin, whereas no evidence
of EQF degradation was seen.
Discussion
The major target of the antiproteolytic action of insulin is
the proteasome (Price et al. 1996, Merforth et al. 1999,
Galban et al. 2001). In intact cells from both rodent and
human origin, insulin decreases both the peptidedegrading and ubiquitin-dependent proteolytic activities
of the proteasome (Hamel et al. 1997, Duckworth et al.
1998a, Bennett et al. 2000b, Li et al. 2000). This may be,
at least in part, the result of regulation of the expression of
genes involved in the ubiquitin pathway (Wing & Banville
1994, Price et al. 1996, Lecker et al. 1999); studies using
cell-free IDE–proteasome preparations have shown
that insulin can inhibit both the 20S proteasome and
26S proteasome involved in the ubiquitin pathway
(Duckworth et al. 1994, Bennett et al. 2000b). After
removal or inhibition of IDE from the preparation, the
ability of insulin to inhibit the proteasome is lost
(Duckworth et al. 1994, Bennett et al. 1997, 2000b, Hamel
et al. 1998). These data suggest that association with IDE
maintains the proteasome in a more active state, and
that insulin treatment causes dissociation of IDE, and a
resultant decrease in proteasome activity to a basal level.
Consistent with the notion that IDE degrading activity
is required for proteasome inhibition, a number of IDE
substrates, including relaxin and atrial natriuretic peptide,
also readily inhibited the proteasome (Bennett et al. 1997).
However, proinsulin had an intermediate eﬀect on
proteasome activity, and was able to attenuate the ability of
insulin to inhibit the proteasome (Duckworth et al. 1994,
www.endocrinology.org
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Bennett et al. 1997). Proinsulin has been shown previously
to bind IDE with an aﬃnity approaching that of insulin,
but is degraded much more slowly than insulin (Kitabchi
et al. 1971). This ﬁnding raised the possibility that
inhibition of the proteasome through IDE required
enzymatic degradation of the substrate, and that mere
binding to IDE was insuﬃcient to produce inhibition.
In this study, analogues of insulin with variable susceptibilities to degradation by IDE were used. The AspB10
analogue, like proinsulin, displayed an impaired rate of
degradation by IDE compared with native insulin or
lispro, conﬁrming the ﬁndings of an earlier study (Hamel
et al. 1999). At the same time, binding of AspB10 to IDE
was readily detectable by competitive inhibition and
cross-linking studies. However, the ability of AspB10 to
inhibit proteasome activity was considerably less than that
of insulin. The EQF analogue was more eﬀective than
insulin at competitive inhibition of IDE, yet was not
detectably degraded by IDE. There was very little
inhibition of the proteasome with EQF, strongly suggesting that degradation of substrates by IDE is required for
proteasome inhibition. These ﬁndings are consistent
with the eﬀects seen in cultured L6 myotubes, in which
EQF displayed impaired inhibition of cellular proteolysis
compared with insulin (Fawcett et al. 2001).
The impaired IDE degradation of AspB10 and EQF is
probably attributable to the positions of the amino substitutions (Fig. 1): the Asp substitution at B10 and the two
substitutions in EQF at the B16 and B17 positions
correspond to IDE cleavage sites (Duckworth et al. 1988b).
Furthermore, these same three substitutions lie in regions
that have been shown to be involved in ﬁbril formation
(Nielsen et al. 2001). The substrate speciﬁcity of IDE
appears to be for amyloidogenic peptides, as indicated
by its aﬃnity for insulin, glucagon, atrial natriuretic
peptide, Alzheimer’s beta-amyloid polypeptide and amylin
(Duckworth et al. 1998, Kurochkin 2001). However,
amyloid formation itself is not a requirement, because
insulin at neutral pH and rodent amylin do not form
amyloid ﬁbrils, yet are degraded by IDE (Bennett et al.
2000a). Therefore, the amino acid substitutions in EQF
and AspB10 may have resulted in structural alteration of the
molecule to the point that IDE was able to bind these
molecules, but was unable to complete the degradation
process.
The data presented strongly suggest that degradation of
insulin by IDE is necessary for inhibition of the proteasome. One possible explanation is that IDE produces
insulin degradation fragments that then compete with the
proteasome substrate for degradation. However, several
lines of evidence argue against this mechanism. Firstly, the
kinetics of inhibition of the proteasome by insulin were
consistent with a non-competitive mechanism (Bennett
et al. 1997). Secondly, a study was performed in which
insulin was predegraded to varying degrees and then
added back to the proteasome (Bennett et al. 1997). The
Journal of Endocrinology (2003) 177, 399–405
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more completely the insulin was degraded, the less eﬀect
it had on the proteasome. Finally, two of the initial
fragments of insulin produced by IDE (B10–B16 and
B11–B16) were synthesized, and tested for inhibition of
the proteasome. No eﬀect on the proteasome was detected
in either case (R G Bennett, unpublished observations).
Therefore, although proteasome inhibition by insulin fragments cannot be ruled out, evidence for this mechanism is
lacking. In contrast, as discussed above, insulin can induce
dissociation of IDE from the proteasome. It has been
proposed that IDE can bind to potentially amyloidogenic
peptides, resulting in a conversion to a -sheet conformation at the IDE binding site, which acts as a template for
a corresponding -sheet conversion in the substrate, and
allowing degradation of the substrate (Kurochkin 2001).
We speculate that the amino acid substitutions in the
-sheet-forming regions of AspB10 and EQF do not allow
for the correct structural change necessary for complete
degradation of the substrate and dissociation of IDE from
the proteasome. Therefore, it is possible that the EQF
analogue and, to a lesser degree, the AspB10 are unable to
cause dissociation of IDE from the proteasome as a result of
the inability of IDE to degrade them eﬃciently.
In conclusion, these studies suggest that the antiproteolytic eﬀect of insulin is dependent on degradation by IDE,
and may provide a mechanism for the reversal of the
muscle wasting eﬀect seen in uncontrolled IDDM.
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