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The University of Chicago, vital to the development of diabetes and Alzheimer’s disease, respectively.
929 East 57th Street, Chicago, ~ IDE can also rapidly degrade hormones that are held together by intra-
IL 60637, USA molecular disulfide bond(s) without their reduction. Furthermore, IDE

exhibits a remarkable ability to preferentially degrade structurally similar
peptides such as the selective degradation of insulin-like growth factor
(IGF)-II and transforming growth factor-a (TGF-a) over IGF-I and
epidermal growth factor, respectively. Here, we used high-accuracy mass
spectrometry to identify the cleavage sites of human IGF-II, TGF-a, amylin,
reduced amylin, and amyloid-p by human IDE. We also determined the
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sites. Together with NMR structures of amylin and the IGF and epidermal
growth factor families, our work also reveals the structural basis of how the
high dipole moment of substrates complements the charge distribution of
the IDE catalytic chamber for the substrate selectivity. In addition, we show
how the ability of substrates to properly anchor their N-terminus to the
exosite of IDE and undergo a conformational switch upon binding to the
catalytic chamber of IDE can also contribute to the selective degradation of
structurally related growth factors.
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Introduction

Insulin-degrading enzyme (IDE) is a 110-kDa zinc
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phosphine; PDB, Protein Data Bank. logous to each other and have an aPRapa-roll
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structure, shared among proteases within the M16
family, which include mitochondrial processing
peptidase, pitrilysin, and mitochondrial prese-
quence peptidase.”” IDE-N and IDE-C are joined
by an extended 28-aa loop, and together, they form
an enclosed chamber to selectively enclose and
cleave certain peptides. IDE was recently described
as a prototypical cryptidase because of its ability to
use a sizable catalytic chamber (crypt) to selectively
recognize peptides targeted for proteolysis.

Since the discovery of IDE based on its ability to
rapidly degrade insulin, IDE was shown to play a
major role in the degradation and clearance of
insulin in vivo."*®’ This is consistent with the
observation that IDE gene knockout mice have an
elevated level of insulin and develop symptoms of
diabetes, while single nucleotide polymorphisms of
the IDE gene are associated with type 2 diabetes in
humans.!%!1 IDE also plays a role in preventing
formation of amyloid deposits by degrading
amyloid-B (Ap), a key peptide for the development
of Alzheimer’s disease.!1%12-14 Qutside of insulin
and AP, several short peptides with molecular
masses of 3-10 kDa have been shown to serve as
substrates of IDE, such as insulin-like growth factor
(IGF)-IL">"° amylin,” glucagon, transforming growth
factor-a (TGF-o),"” and atrial natriuretic peptide.'®

The structural analysis of substrate-bound IDE has
revealed several unique features of how IDE selec-
tively degrades certain bioactive peptides.'>'**!
IDE has a catalytic chamber with a total volume of
approximately 16,000 A®. The unique size of this
chamber allows the enzyme to preferentially cleave
peptides smaller than 80 aa long. In addition, the
complementarity in charge and shape of this chamber
with the substrate also determines the substrate
selectivity as exemplified by the insulin-bound IDE
structure.”’ Apart from these unique properties of the
IDE catalytic chamber, IDE also has a highly
conserved exosite located approximately 30 A away
from the zinc ion bound at the catalytic center.'” The
structures of IDE in complex with AR, glucagon,
insulin, and bradykinin reveal that this exosite serves
as an anchoring site for the N-termini of IDE
substrates.>*?! Such an interaction is hypothesized
to serve as a molecular ruler, directing IDE to per-
form the initial cleavage at least 10 aa away from the
N-terminal end of its longer substrates." In addition,

the binding of the exosite with a shorter peptide
substrate could reduce the apparent size of the
catalytic chamber.” This is postulated to facilitate
the cleavage of short substrates of IDE such as 9-aa-
long bradykinin. However, it remains unclear how
IDE utilizes the properties of the catalytic chamber
and exosite to recognize and selectively degrade
substrates such as IGF-II, TGF-a, and amylin.

IDE exhibits preferential cleavage of the structur-
ally related IGF and epidermal growth factor (EGF)
proteins, peptide hormones that contain three disul-
fide bonds each.'>'7?* IGF-I and IGF-II are struc-
turally and functionally related to insulin.****
Together with insulin, this IGF family is involved in
regulation of multiple biological processes including
carbohydrate metabolism, growth, life span, devel-
opment, and neoplasia.?>?° NMR analysis reveals
that the structure of IGF-II is similar to that of insulin
and IGF-1.* Similar to insulin, IGF-II is also a high-
affinity (~100 nM) substrate of IDE and is rapidly
degraded by this enzyme.' Paradoxically, IDE binds
IGF-I with reduced affinity compared to IGF-II and
does not effectively degrade this hormone. EGF and
TGF-a are structurally related growth factors that
work in the endocrine, paracrine, and autocrine
systems for various biological activities.”” >’ Similar
to the IGF family, IDE also selectively degrades TGF-a
over EGF." The sites where IDE cleaves IGF-II and
TGF-a are mostly unknown, as is the molecular basis
of substrate selectivity among members within the
IGF family and the EGF family.

IDE prefers to degrade amyloidogenic peptides
such as amylin, or islet amyloid polypeptide, '3 a 37-aa
peptide containing a disulfide bond near the N-
terminus, between cysteine 2 and cysteine 7. Amylin
isnormally produced by pancreatic  cells along with
insulin to control glucose homeostasis.” Similar to
AR, amylin can induce cell death of pancreatic p cells
and may thus be involved in the development of
diabetes.”””" We have previously identified the
cleavage sites of amylin by IDE, as well as solved
the structure of human IDE in complex with amylin in
the presence of a reducing agent.” The reducing agent
was required for the crystallization of human IDE
protein. However, since a reduced environment
breaks disulfide bonds, the molecular basis for the
interaction of IDE with amylin that retains the
disulfide bond remains elusive.

Fig. 1. Characterization of the degradation of IGF-II and TGF-a by IDE. (a) Primary sequences of human IGF-II, TGF-«,
and insulin. Disulfide bonds are shown by a line connecting two cysteines. Arrows on IGF-Il and TGF-a depict the cleavage
sites by IDE from this analysis while the cleavage sites of insulin are as reported previously.”' The underlined amino acids
are observed in the crystal structures of substrate-bound IDE. (b) Comparison of secondary structure (left) and electrostatic
surface representation (right) of IGF-1I, TGF-«, and insulin. PDB accession codes of IGF-II, TGF-«, and insulin are 1IGL,
1YUF, and 1G7A, respectively. The molecular surface is colored as calculated by APBS>? (<=6 kTinred, 0 kT in white, and
>+6 kT in blue). (c) Inhibition of the IDE-mediated degradation of the fluorogenic substrate V (a bradykinin-mimetic) by
insulin, TGF-o, and IGF-II. IDE (1 pg) was mixed with substrate V (450 nM) in the presence of indicated concentrations of
insulin, TGF-a, and IGF-II, and fluorescence intensity was monitored for 10 min at 37 °C. Results (means+SD) are
representative of three independent experiments performed in duplicate. (d) and (e) show the representative MS/MS
spectrum for N-terminal regions of IGF-II and TGF-a, respectively. The ESI-tandem mass spectrum of the 529.229 ion from
IDE-digested TGF-a at m1/z 1584.668 (left) and the 976.469 ion from IDE-digested IGF-II at 111/z 1950.936 (right). The amino
acid sequence and ion identification of the tandem mass spectrum are shown, and experimentally observed ions are labeled
in the sequence.



432

Substrate Recognition by Human IDE

IDE’s ability to degrade a wide variety of substrates
that differ in length, structure, and biological pro-
perties is of great interest in the fields of diabetes and
Alzheimer’s research. Determining the mechanism of
how IDE recognizes and degrades certain substrates
over others as well as how it degrades amyloidogenic
peptides is a crucial step in understanding how IDE
affects the homeostasis of these peptides in the

(a)

human body. In order to understand how IDE diffe-
rentiates and degrades IGF-II, TGF-«, and amylin
without breaking their disulfide bonds, we per-
formed structural and biochemical studies on these
IDE substrates. We took advantage of the high-
accuracy mass spectrometry (MS) to identify the
products of IGF-II, TGF-a, and amylin digestion by
IDE. To eliminate the need for a reducing agent
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during the crystallization of IDE, we mutated all 13
cysteines in human IDE to construct a fully func-
tional, cysteine-free IDE.?*?! Using this construct, we
determined the structures of human IDE in complex
with three disulfide-containing substrates: IGF-II,
TGF-a, and amylin. Together with the NMR struc-
tures of these three substrates and other peptides
within the same families, new insights regarding how
IDE wuses its exosite and catalytic chamber to bind,
unfold, and degrade these disulfide bond-containing
substrates emerge.

Results

Mass spectroscopy analysis of the degradation
of IGF-Il and TGF-a by IDE

IGF-1l is a 67-aa growth-promoting hormone that
plays a vital role in embryo development and epi-
genetic imprinting. TGF-a is a 50-aa-long peptide
that can induce epithelial cell development. These
two peptides differ significantly in their primary
sequences, secondary structure, shape, and surface
charge distribution (Fig. la and b).333%> However,
like insulin, these two peptides are high-potency
inhibitors (60-180 nM, Fig. 1c) for the degradation of
a fluorogenic bradykinin-mimetic peptide, substrate
V by human IDE. The ICs, values are in agreement
with the reported K; values.*'®'”** Thus, IDE binds
IGF-1I and TGF-o, two structurally diverse disulfide-
bond-containing peptides, with high affinity com-
parable to that of insulin.

IDE can effectively cleave both IGF-II and TGF-a
but little is known regarding cleavage sites for each
substrate. Both IGF-II and TGF-a are stabilized by
three intramolecular disulfide bonds. IDE is known
to degrade its substrates without the assistance of
disulfide bond isomerase activity, and its proteolytic
activity does not require the breakage of any
disulfide bonds. To decipher the cleavage sites of
IGF-II and TGF-a, we used liquid chromatography
coupled with quadruple time-of-flight (LC-Q-TOF)
MS. We identified 14 IGF-II fragments and 8 TGF-a
fragments that were generated by 5-min incubations
with IDE followed by treatment with a reducing
agent, DTT (Table 1). The identification of these
fragments is based on the accurate match of the
observed mass with the predicted mass of the
precursor and b/y product ions. Figure 1d and e
show sample mass spectra obtained for IGF-II and
TGF-a, respectively. We also performed matrix-
assisted laser desorption/ionization (MALDI)-TOF
tandem MS to gain better MS/MS coverage of these
precursor ions and confirm the identity of these
fragments (Table S1).

Similar to the cleavage pattern of insulin by IDE,
we found that IDE preferentially cleaves several
discrete regions of IGF-II and TGF-a (Fig. 1la).
Several of these sites are clustered together. These
include three pairs of cleavage sites on IGF-II, amino
acids 36-37/37-38, amino acids 47-48/48-49, and

Table 1. Summary of IDE-degraded fragments of IGF-II
and TGF-a

Observed (M+H) Calculated (M+H) Appm

IGF-II

1-16 1709.796 1709.793 1.67
1-18 1950.936 1950.935 0.42
17-26 1140.543 1140.539 3.64
17-27 1303.602 1303.603 0.51
17-28 1450.670 1450.675 3.49
19-28 1209.528 1209.533 1.65
37-48 1453.692 1453.690 1.28
37-67 3505.657 3505.659 0.57
38-48 1297.590 1297.591 0.19
38-67 3349.556 3349.573 5.07
49-63 1654.769 1654.770 0.11
49-64 1725.807 1725.809 1.40
48-67 2217.045 2217.052 3.36
49-67 2069.976 2069.980 2.13
TGF-o.

1-11 1218.497 1218.498 0.53
1-14 1584.663 1584.668 3.64
1-15 1731.731 1731.738 4.04
1-17 1981.809 1981.811 0.94
12-21 1179.459 1179.458 0.85
35-50 1697.794 1697.795 0.59
36-50 1560.735 1560.739 2.56
41-50 1097.529 1097.534 4.56

Assignment of the most prominent peaks generated after 5-min
incubation with IDE using Q-TOF MS/MS.

amino acids 63-64/64-65, and three pairs of cut sites
on TGF-a, amino acids 14-15/15-16, amino acids
20-21/21-22, and amino acids 34-35/35-36. In one
case, we also observed three cleavage sites that are
adjacent to each other (amino acids 26-27, 27-28,
and 28-29) on IGF-II. This is consistent with the
probabilistic mode of binding of these regions to the
catalytic cleft for cleavage. Such biased stochastic
mode is a commonly found feature of IDE substrate
cleavage sites.!3%21 We did not observe cleavages
near the N-terminus of either IGF-II or TGF-a
(Fig. 1a). This is consistent with the notion that
IDE uses the exosite to anchor the N-termini of both
substrates; thus, no cleavage can occur at the first
10 aa residues of the N-terminal end. Interestingly,
the cleavage sites of TGF-a defined using the
accurate mass determination differ significantly
from those determined by the blocka%e of Edman
degradation of rat IDE-degraded ['*’I]TGF-a.*
Such a discrepancy may be due to the methodology
and/or source of IDE.

MS analysis of the degradation of amylin and
AB(1-40) by IDE

Previously, we used MALDI-TOF MS to assess the
cleavage sites of amylin and Ap(1-40) by IDE.® To
more accurately determine the cleavage sites, we
used Fourier transform ion cyclotron resonance (FT-
ICR) MS for its high mass accuracy and sensitivity
(Table 2 and Table S2). Based on the excellent match
of the precursor ions to the predicted mass as well as
the extensive coverage of b and y product ions from
each precursor ion, we identified seven major
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Table 2. Ion identification of major IDE-degraded fragments of amylin and Ap(1-40)

Observed (M +H) Calculated (M +H) Appm Observed b/y ions®
Amylin®
1-15 (C-C)° 1639.7677 1639.7873 13.2 b7-b13, y5-y6
16-27 1271.6722 1271.6936 16.9 b3-b5, b7-b11, y7-y9
16-28 1358.7054 1358.7257 14.9 b3, b5-b11, y6-y7, y9-y10
19-34 1554.7352 1154.7588 20.5 b4-b14, y6, y11-y13
23-34 1152.6000 1152.6089 7.7 b2-b11, y4-y10
23-36 1367.6867 1367.6995 9.3 b3-b6, b8-b13, y2-y11
Amylin® (+ TCEP)
1627 1271.6741 1271.6936 15.3 b2-b5, b7-b11, y5, y7-y9
16-28 1358.7127 1358.7257 9.6 b3-bl11, y6-y7, y11
16-37 2281.1128 2281.1207 35 b5, b7-b10, y5-y10, y12-y17
23-34 1152.6000 1152.6089 7.7 b3-b11, y6-y7, y9
23-36 1367.6866 1367.6995 9.4 b3-b13, y2-y11
AB(1—40)*
19-40 2180.1456 2180.1420 1.6 b5-b6, b9, b11-b18, y6-y10, y16-18
21-40 1886.0096 1886.0052 2.3 b9-b17, y5-v9, y13, y16
20-40 2033.0727 2033. 0736 0.4 b9, b11-b17, y5-y10, yi2-yi4, y16-y17
1-28 3261.5354 3261.5328 0.8 b5-b8, b10-b13, y4-y6, y8-y13
15-40 2648.4593 2648.4480 4.3 b6, b8-b10, b17-b18, y7-y11, y13, y16-y18
14-40 2785.5235 2785.5069 6.0 b5-b12, b14-b15, b17-b18, y8-y10, y13, y16-y20

? The b and y product ions of the most prominent fragment peaks of IDE-degraded amylin, reduced amylin, and Ap(1-40) are
generated by LC-ESI-FT-ICR-MS-CID-MS/MS, and their identity is analyzed using MassMatrix webserver (http:/ /searcher.rrc.uic.edu/

Cgli,—bin /mm-cgi/search_form.py).
Five-minute incubation of amylin with IDE in 50:1 ratio.
¢ This fragment has an intact disulfide bond.
4 One- to five-second incubation of Ap(1-40) with IDE.

cleavage sites when the non-reduced amylin was
used (Table 2 and Fig. 2c). We also performed the
cleavage reaction in the presence of a reducing
agent, tris(2-carboxyethyl)phosphine (TCEP), to
assess whether the presence of disulfide bond in
amylin affects the cleavage site of amylin by IDE.
While six out of seven amylin cleavage sites were
also cut by IDE when amylin was reduced by TCEP,
we did not observe the cleavage between residues 18
and 19, which is located in the middle of amylin
(Table 2; Table S2; Fig. 2c). This indicates that the
presence of disulfide bond can alter the cleavage site
of amylin by IDE.

We have analyzed the initial cleavage sites of
insulin by IDE to gain the mechanistic under-
standing of insulin degradation by IDE.*! While
IDE is known to cleave Ap(1—40) at multiple sites,
the preferred initial cleavage sites have not been
defined yet.>*” To address this, we performed the
digestion of Ap(1-40) by IDE by varying the time of
incubation and then assessed the cleavage products
by FT-ICR MS/MS (Table 2). As expected, IDE
cleaves A{3(1-40) at multiple sites even only at brief
incubation (1-5 s). Our MS analysis reveals the
preferred initial cleavage sites of Ap(1-40) by IDE
to be in the middle of AR(1-40) (amino acids 18-19,
19-20, and 20-21). The cleavages at amino acids
14-15, amino acids 15-16, and amino acids 28-29
occurred less frequently (Table 2; Fig. 2c). These data
are consistent with our proposed yet unproven
model that, upon the anchoring of N-terminus of
AR to the IDE exosite, the middle segment of Ap is
preferably cut in a probabilistic manner for its initial
cleavage, which would prevent the amyloid fiber
formation by Ap."

Structures of amylin-, AB(1-42)-, IGF-lI-, and
TGF-a-bound IDE

Previous structural studies of IDE with various
substrates have required the use of a reducing agent
in the crystallization conditions, due to the presence
of 13 cysteine residues in human IDE.” This reduced
environment also breaks any disulfide bond(s) in the
substrates, resulting in IDE-substrate complexes
that may not reflect the native enzyme-substrate
binding conformation. We have recently con-
structed a catalytically inactive, cysteine-free IDE
(IDE-CF-E111Q) that can be crystallized without the
reducing agent.m] Using this mutant, we re-
examined the structural basis of the interactions of
IDE with amylin, a substrate containing one
disulfide bond. We have solved the crystal structure
of IDE-CF-E111Q in complex with amylin at 2.9 A
resolution (Fig. 2a; Table 2). While we were unable
to observe the disulfide bond in the previous IDE-
amylin structure,” the current structure shows a
density that fits well with residues K1-N3, C7-AS,
and L12-L16, with a disulfide bond present between
C2 and C7 (Fig. 2b). However, we could not see
density for the majority of the loop formed by amino
acids 4-6 of amylin. Thus, we do observe two discreet
segments of amylin, an N-terminal portion in the
exosite and another segment in catalytic site of the
enzyme; this spatial separation of the substrate is a
common feature in IDE-substrate structures. It is
worth noting that, similar to the structures of pre-
vious IDE-substrate complex, the averaged thermal
B-factors of the amylin is higher than that of IDE
(Table 3).%?! This is presumably due to the structural
heterogeneity of the substrates and / or less than 100%
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Fig. 2. Structures of IDE in complex with amylin. (a) Global view of the structure of amylin-bound IDECF-E111Q
monomer. IDE-N and IDE-C are colored green and cyan, respectively. Amylin is in the stick representation colored
orange. (b) Stereo view of composite omit map (purple) of the IDE-bound amylin is contoured at 1.5 0. Oxygen, nitrogen,
and carbon atoms of amylin are shown in red, blue, and orange, respectively. (c) Primary sequences of amylin, reduced
amylin, and AP (1-40). The arrows on the amylin depict the cleavage sites by IDE as experimented and the arrows on
APR(1-40) depict the cleavage sites by IDE after short (1-5 s) incubation. The minor cleavage sites on AR (1-40) are marked
with the shorter arrows. The underlined amino acids with the scissor bond marked by a red arrow are observed in the
crystal structures of substrate-bound IDE. (d) Detailed interaction of the N-terminus of non-reduced amylin (left), reduced
amylin (middle), and AR (1-42) (right) with the exosite of IDE. (e) Detailed interaction of amylin with the IDE catalytic site.
The color of IDE residues corresponds to the respective color of IDE domain in (a). The PDB codes for structures of amylin-
bound IDE-CF-E111Q), reduced amylin-bound IDE-E111Q, and Ap(1-42)-bound IDE-CF-E111Q are 3HGZ, 2G48, and

2WKS3, respectively.

occupancy (despite the extensive effort in loading
amylin to IDE in order to ensure the high occupancy,
see Methods). The same phenomenon was observed
in the structures of IDE bound to Ap(1-42), IGF-II,
and TGF-a described below (Table 3).

Amylin and AR, another IDE substrate, are both
amyloidogenic peptides and both can be effectively
cleaved at multiple locations (Fig. 2c). The structure
of Ap(1-40) in complex with IDE has previously
been solved, as have the cleavage sites for amylin
and Ap by IDE.? Ap(1-42) is a form of Ap that forms
amyloid plaque much faster than Ap(1-40) and
serves as a better marker for the progression of
Alzheimer’s disease. To learn whether IDE recog-
nizes these two peptides differently, we also solved
the structure of IDE in complex with AR(1-42)
(Table 2). We found the binding of AR(1-42) to the

exosite and catalytic site of IDE in this structure to be
virtually identical with that of Ap(1-40) in our
Ap(1-40)-bound IDE structure. Compared to the
Ap-bound IDE structure, we found a novel inter-
action of amylin with the exosite of IDE (Fig. 2d).
The disulfide bond formed by amylin C2 and C7
changes the local hydrogen bond network to the IDE
B12-strand compared to AR (Fig. 2d). Most notice-
ably, the side chain of the N-terminus of amylin (K1)
forms a salt bridge with that of IDE E341. This is
different from other substrates of IDE, where the
amino-terminus of the substrates (i.e., AB) forms
hydrogen bonds with the side chain of E341 and the
main chain of L359.

The structure of amylin at the catalytic site of IDE
shows that amylin is embedded into several
hydrophobic pockets, and amylin residues F15 and
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L16, positioned nearby the catalytic metal ion, are
coordinated by H108, H112, and E189 of IDE
(Fig. 2e). These hydrophobic interactions include
the contacts of amylin L12 with IDE F202 and W199,
that of amylin F15 with IDE F141, and that of amylin
L16 with IDE F115. This corresponds to the bio-
chemical data available for amylin, which indicate
that the cleavage between residues 15 and 16 is
indeed one of the major cleavage sites (Fig. 2cand e).”

The crystal structures of IDE-CF-E111Q com-
plexed with IGF-II and TGF-a were determined at
2.3 A resolution to further understand how IDE
binds different substrates (Table 2). The overall fold
of IDE in both cases is nearly identical with amylin-
bound IDE (Fig. 3a), with two discrete substrate
segments clearly visible: one at the exosite and the
other at the catalytic site of the respective structures
(Fig. 3b). Both main chains and side chains of the
first 5 aa of IGF-II are visible, while only the main
chains of the first 3 aa of TGF-«a are visible (Fig. 3c).
At the catalytic site, several residues of IDE located
in domains 1 and 4 form a largely polar cavity with
hydrophobic patches that interact with cleavage
sites in both substrates (Fig. 3d). At the catalytic site

of IDE, IGF-II amino acids 13-18 and TGF-a amino
acids 10-14 fit nicely into the electron density map,
and the observed primary cleavage sites of these two
substrates (T16-L17 of IGF-Il and S11-H12 of TGF-a)
appear poised for cleavage (Fig. 3d).

Discussion

IDE cleaves multiple substrates that have various
biological functions, including amylin, Ap, IGF-II,
and TGF-a. These substrates are diverse in their
sequence, size, and structure. Based on accumulated
structural and biochemical evidence, it has been
proposed that the catalytic cycle and substrate
specificity of IDE revolve around a conformational
switch between the open and closed states of this
enzyme, with interactions between potential sub-
strates and the IDE catalytic chamber stabilized bX
complementary electrostatic properties (Fig. 4)."~
We propose that IDE normally exists in an equilib-
rium between an open (IDE®) and a closed (IDE®)
state.” In the open state, the negatively charged
interior of the IDE-N domain and the positively

Table 3. Data collection and structure refinement statistics of substrate-bound IDE

IDE-IGF-II IDE-TGF-«a IDE-amylin IDE-Ap(1-42)°

Data collection
Beamline APS 191D APS 191D APS 191D APS 191D
Space group P65 P65 Pé6s P65
Cell dimension (A)

a 263.0 262.2 262.9 261.6

b 263.0 262.2 262.9 261.6

c . 90.8 90.5 90.9 90.7
Resolution (A) 50-2.28 50-2.3 50-2.9 50-2.6
Reym (%)° 13.4 (50.7) 9.4 (52.0) 8.0 (33.2) 9.1 (45.3)
I/o 20.5 (2.1) 23.6 (3.6) 25.1 (3.8) 17.6 (3.0)
Redundancy® 5.4 (3.1) 7.1 (6.8) 5.7 (4.3) 3.6 (3.4)
Completeness (%) 99.7 (96.9) 99.8 (100.0) 99.9 (99.2) 99.8 (99.9)
Unique reflections 162,414 157,230 79,043 109,059
Refinement
Ruvori® 0.206 0.191 0.178 0.186
Riree” 0.239 0.231 0.223 0.232
No. of atoms

Protein 15,710 15,644 15,818 15,590

Water 598 653 346 233
B-factors

IDE 35.5 28.6 38.6 35.2

Substrate 54.2 52.6 67.8 71.2

Water 445 46.5 48.5 36.5
rm.s.d. i

Bond lengths (A) 0.015 0.016 0.012 0.022

Bond angles (°) 1.363 1.463 1.406 1.959
Ramachandran plot (%)

Favorable region 91.9/91.6 92.3/91.2 89.6/90.0 90.7/100.0

Allowed region 8.1/84 7.3/8.8 10.4/10.0 9.3/0.0

Generously allowed region 0/0 0/0 0/0 0/0

Disallowed region 0/0 0/0 0/0 0/0
PDB code 3E4Z 3E50 3HGZ 2WK3

The outer resolution shell. Values in parentheses indicate the highest-resolution shell.
? The backbone nitrogen of Gly29 of Ap(1-42) is substituted with 2-nitrobenzyl group to improve the solubility of Ap(1-42) (Erik

]olgnson, University of Chicago, PhD thesis).
c Rmerge: (- <I>)/Z<I>

obs unique*

d Rwork:thll |Fo| _lecl |/thl|F0|-

€ Rpree, calculated the same as for R,,on but on the 5% data excluded from the refinement calculation.

f Values for IDE protein/substrate.
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Fig. 3. Structures of IDE in complex with IGF-II and TGF-a. (a) Global view of the structure of IGF-II-bound (top) and
TGF-a-bound (bottom) IDE-CF-E111Q monomer. IDE-N and IDE-C are colored green and cyan as Fig. 1. IGF-Il and TGF-a
are colored orange. (b) Composite omit maps (blue) of IGF-II and TGF-a are contoured at 1.5 o. The substrates are colored
orange. (c) The detailed interaction of the N-terminus of IGF-II and TGF-a with the exosite site of IDE. (d) Detailed
interaction of IDE catalytic chamber with IGF-Il and TGF-a. Oxygen, nitrogen, and carbon atoms of substrates are shown in

red, blue, and orange, respectively.

charged interior of the IDE-C domain result in
selective binding of ligands with charge distribu-
tions complementary to the electrostatic properties
of the chamber (Fig. 4a). IDE substrates IGF-1I, TGF-
a, and amylin also exhibit such a charge distribution
(Fig. 4b). Modeling the N-terminal end of IGF-II,
TGF-a, or amylin in the exosite of IDE reveals charge
complementarity between the substrate and the IDE
chamber, as the negatively charged surfaces of IGF-II,
TGF-a, and amylin fit well with the positively
charged chamber wall of IDE-C.

The interactions between the substrate and the IDE
chamber would appropriately position the flexible
N-terminus of the substrate to bind at the exosite
(Fig. 4a). The binding of the substrate N-terminus to
the IDE exosite and/or the charge complementarity
of the catalytic chamber of IDE with the substrate
would facilitate the switch of the open conformation
to the closed conformation, which is the preferred
state of IDE."” By comparing the native NMR
structures of IGF-II, TGF-a, and amylin with those
in the IDE-bound structures, we find that IDE
binding also results in a substantial substrate con-
formational change (Fig. 4c and d). The native con-
formation of the substrates does not position the
putative cleavage sites close enough to the zinc-
coordinated catalytic center of IDE, suggesting that a

change in secondary structure must occur prior to
catalysis. For three peptides, the most noticeable
change was the conversion of IGF-II amino acids
13-18, TGF-a amino acids 10-14, and amylin amino
acids 16-23 from a-helices to p-strands. These
required conformational changes for IGF-II, TGF-a,
and amylin are similar to those found in IDE in
complex with Ap and gluc:agons.3 In addition, while
IGF-II and amylin fit well in the catalytic cavity, the
native conformation of TGF-a has an elongated
shape and would extend beyond the walls of the
chamber, Opotentially interfering with the switch
from TDE® to IDE® (Fig. 4b). Since IDE does cleave
TGF-q, this offers further evidence that an induced-
fit structural rearrangement of substrates would be
required for binding and cleavage within the
catalytic chamber of IDE. While speculative, struc-
tural rearrangement of the substrate, at least in some
cases, must occur prior to the formation of IDE®.
The structural rearrangement would allow certain
sections of IDE substrates to fit into the catalytic
cleft of IDE for cleavage in a biased stochastic
manner. This is consistent with the multiple
cleavage sites found by our MS analysis on the
degradation products of IGF-1I, TGF-a, and amylin
as well as the previous analysis of cleavage sites
and products of IDE substrates. With the anchoring
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Fig. 4. Analysis of IDE’s binding with IGF-II, TGF-o,, and amylin. (a) A model of how IDE binds, unfolds, and
degrades its substrate. IDE has two conformational states: the open state, IDE®, and the closed state, IDE. The IDE-N and
IDE-C are depicted as green and cyan, respectively. IGF-Il (PDB code: 1IGL) is depicted as red cartoon. IDE® is
theoretically modeled based on the substrate free E. coli pitrilysin structure (1Q21); IDES corresponds to the atomic
coordinate of IDE-CF-E111Q-IGFII (3E4Z). The detailed description of the mechanism is in Discussion. (b) Shape and
surface charge distribution of IGF-II (left), TGF-a (middle), and amylin (right) modeled in the catalytic chamber of IDE. (c)
Comparison of IGF-II (left), TGF-a (middle), and amylin (right) in their free forms (transparent gray) with IDE-bound
forms (red). The segments in the free forms of IGF-II and TGF-a corresponding to IDE-bound forms are colored
transparent red. The arrows indicate the cleavage sites, and the disulfide bonds are colored yellow. (d) Comparison of
IDE-bound IGF-II (red), TGF-a (green), amylin (blue), and Ap(1-42) (orange) in stick model.

of the N-terminus of substrates to the exosite that is
30 A away from the catalytic center, the given
section would likely to be at least 10 residues away
from its N-terminus for the initial cleavage. Indeed,
we found that the preferred initial cleavages of
AP(1-40) occur in the middle of the peptide (amino
acids 18-21). In addition, this anchor-dependent
cleavage could also explain our structural and MS

observations that the presence of a disulfide bond
in amylin could constrain and alter the binding of
amylin to the catalytic chamber of IDE so that an
additional cleavage site between residues 18 and 19
of amylin can be cut. The initial cleavage can induce
further conformational changes in the substrate,
allowing for further cleavage inside the catalytic
chamber. Such processive cleavages for the initial
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digestion of insulin allows IDE to cut it into two
pieces and inactivate its function without breaking
the disulfide bonds of insulin.?! Ultimately, the
cleavage could induce IDE to switch to the open
conformation, leading to release of the proteolytic
fragments and allowing for incorporation of other
substrates or intermediate degraded fragments to
start a new degradation cycle.

Our structures, together with the secondary
structures and amino acid composition of the IGF
and EGF family hormones, reveal that charge
complementarity and exosite anchoring are used
by IDE to selectively degrade certain members of
those hormone families. IGF-II and IGF-I share 64%
sequence identity while TGF-a and EGF share 36%
sequence identity (Fig. 5a). Accordingly, their
structures are highly homologous within each family
(Fig. 5b). The r.m.s.d. of TGE/EGF is 2.536 A, while
that of IGF-I/IGF-II is 1.298 A. However, the surface
charge distributions between peptides in the same
family differ. TGF-o has a much higher dipole
moment (200 Debyes) than that of EGF (90 Debyes)

(a)

and, compared to EGF, has a better charge comple-
mentarity for the catalytic chamber of IDE (Fig. 5b).
IGF-II has a clear dipole charge distribution
(330 Debyes) that could complement the charged
catalytic chamber of IDE (Fig. 5b).>® On the other
hand, despite having only a slightly lower dipole
moment than IGF-II (300 Debyes, Fig. 5¢), the surface
charge distribution of IGF-I does not coordinate well
with the IDE chamber. Thus, within this growth
family, the dipole moment and charge complemen-
tarity could be used as the parameters to predict
susceptibility to IDE.

Currently, the role played by the specific substrate
sequences in determining IDE selectivity is unclear.
However, it is worth noting that IGF-I residues R55
and R56 would form a positively charged region
that would contact the positively charged chamber
of IDE-C, decreasing the binding affinity of IGF-L
The corresponding residues in IGF-II, A55 and L56,
are nonpolar. The same situation can be observed
from the comparison of TGF-a and EGF. EGF
contains positively charged R45 and R48, which

IGF-Il AYRPSETLCGGELVDTLQFVCGDRGFYFSRPASRVSRR- - - -SRGIVEECCFRSCDLALLETYCATPAKSE- -
IGFE-I GPETLCGAELVDALQFVCGDRGFYFNKPTGYGSSSRRAPQTGIVDECCFRSCDLRRLEMYCAPLKPAKSA

TGF-0. VVSHFNDCPDSHTQFCFHG- TCRFLVQEDKPACVCHSGYVGARCEHADLLA- - - -
EGF --NSYPGCPSSYDGYCLNGGVCMHIESLDSYTCNCVIGYSGDRCQTRDLRWWELR

(b)

IGF-II

IGF-I

-+
. ;
+

f_e;gm

+
+
' A ‘\!
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80°
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Fig. 5. Structural comparison of IGF, EGF, and amyloidogenic peptides. (a) Sequence alignment of the IGF-II/IGF-I
and TGF-a/EGF. (b) Comparison of the electrostatic surface of IGF-II (1IGL), IGF-I (3GF1), TGF-a (1YUF), EGF (1EPH),
amylin (2KB8), and Ap(1-40) (IAML). The molecular surface is colored as calculated by APBS*? (<=6 KT in red, 0 kT in
white, and >+6 kT in blue). The dipole moment of these peptides was the average from distinct NMR solution structures
[10 for IGF-I, 20 for IGF-II, 16 for TGF-«, 10 for EGF, 20 for Ap(1-40), and 30 for amylin].38 (c) NMR solution structures of

IGF-II, IGF-I, TGF-a,, EGF, amylin, and Ap(1-40).
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would contact IDE-C and can interfere with the first
step in IDE-substrate binding as outlined in our
model.

Amylin and Ap are both amyloidogenic peptides,
exhibit bipolar surface charge distributions, and
share 36% sequence similarity. Comparison of NMR
structures of these peptides reveals that amylin has a
high dipole moment (500 Debyes), allowing it to
complement well with the charge distribution of the
catalytic chamber of IDE (Fig. 5b and c). However,
such charge complementarity is not observed for
ApR. Furthermore, these two peptides are much
smaller compared to the IGF and EGF family
peptides that they are likely to have more flexibility
in their interaction with the IDE chamber. Thus, it is
difficult to assess the relative contribution of charge
distribution and conformational flexibility for the
binding and degradation of Ap and amylin by IDE.

A common feature between the amylin-, IGF-II-,
and TGF-a-bound IDE structures is the interaction
of the substrate’s N-terminus with the IDE exosite.
Indeed, this feature has also been observed in our
previously reported IDE—substrate structures, indi-
cating that this is an important interaction for IDE-
substrate binding. In comparing the NMR structures
of IGF-II and IGF-I, we see that both have a
relatively stable helix domain in the middle, while
the conformations of the N- and C-termini vary
greatly (Fig. 5¢). A significant difference can be seen
at the N-terminus of IGF-II, which is longer and
more flexible than that of IGF-1. A longer and more
flexible N-terminus can also be observed for TGF-a
compared to EGF and Ap compared to amylin.
We hypothesize that a longer and more flexible
N-terminus increases the possibility that the substrate
will make the appropriate contacts for anchoring to
the IDE exosite. In addition to the charge repulsion
from the positive patches found in IGF-I and EGF, the
failure of the N-termini of these growth factors to
reach the exosite of IDE would also help to explain
why IDE preferentially degrades IGF-II over IGF-I
and TGF-a over EGF. Differences in the N-terminus
may also explain why AR has a higher binding
affinity than amylin. However, their structural
dissimilarity and the bulkiness of the loop formed
by the disulfide bond of amylin may also play a role
in determining binding affinity.

Our biochemical assays and structures expand the
repertoire of substrates that IDE is known to degrade
and our knowledge of the IDE-substrate binding
mechanism. Our comparative analyses of the IGF
and EGF hormone families revealed that charge dis-
tribution and flexibility of the substrate N-terminus
are important factors in IDE-substrate recognition
and cleavage. Furthermore, proper placement of
substrates in relation to the IDE catalytic site requires
the requisite structural change of the substrates.
Additional work, such as mutagenesis studies and
N-terminal truncation/elongation, will be needed to
verify our hypotheses. However, this study provides
key information for the engineering of substrates
with altered binding affinities to IDE for therapeutic
applications.

Methods

Protein expression and purification

The expression vectors for cysteine-free human IDE
(IDE-CF; C110L, C171S, C178A, C257V, C414L, C573N,
C590S, C789S, C812A, C819A, C904S, C966N, and C974A)
and the catalytically inactive IDE-CF-E111Q mutants were
created as described previously.”! Wild-type human IDE
and IDE mutants were expressed in Escherichia coli Rosetta
(DE3) cells (at 25 °C and 19 h, IPTG induction) and
purified by Ni-NTA, Source-Q, and Superdex S-200
columns as described previously.” Insulin was purchased
from RayBiotech, IGF-II and TGF-a were from Peprotech,
and amylin amide was from Bachem.

MS analysis for TGF-a and IGF-II

Enzyme reactions were carried out at 37 °C by mixing
5 pl of 1 mg/ml TGF-a and IGF-II in 20 mM Hepes buffer
(pH 7.2) with 5 pl IDE protein in an enzyme-to-substrate
molar ratio of 1:50. Reactions were stopped by the
addition of 30 pl stop solution (170 mM ethylenediamine-
tetraacetic acid and 0.07% trifluoroacetic acid). For
MALDI-TOF MS, mass spectra were obtained in either
linear or positive reflector mode using a Voyager 4700
MALDI-TOF mass spectrometer (Applied Biosystems).

For Q-TOF-MS2, a 0.3-pl aliquot of IDE-digested IGF-II
and TGF-a was first incubated with 300 mM DTT for
30 min and then injected onto an Agilent 1100 LC system
attached to an Agilent 6520 Q-TOF-MS equipped with a
Chip-Cube nanoflow interface. A chip packed with
Zorbax C18SB (75 pm internal diameterx43 mm length,
Agilent Technologies G4240-62001) was used to trap and
elute the peptides, which were run using a gradient as
follows: 0.1% formic acid in water is held at 100% for 5 min
and then changed to 45% of a 10:90 mix of 0.1% formic
acid in water:acetonitrile over 20 min and then changed to
75% of this mix over 10 min. The flow rate of the
chromatography segment of the chip is 200 nl/min and
that of the enrichment (trapping) segment is 3 ul/min.
Enrichment is conducted for 5 min at 100% 0.1% formic
acid in water. The Q-TOF-MS is run with the following
parameters: MS1 scan range, 300-2000 11/z; MS/MS scan
range, 50-3000 m/z; MS1 scan rate, 8.4 scans/s; MS/MS
scan rate, 2 scans/s. Positive ion mode was used
throughout the run with a source Vi, of —=1875 V, a
fragmentor voltage of 175 V, a drying gas temperature of
325 °C, and a gas flow rate of 5 L/min. For MS/MS, an
isolation width of 4 amu was used to filter selected
precursor ions into the collision cell, which had a ramped
collision energy using a slope of 3 V/100 amu and an
offset of 2 V. All data were collected as centroided to
conserve disk space, and a reference compound simulta-
neously infused into the spray chamber with an m/z of
1221.99 was used to automatically recalibrate each
spectrum as it was recorded.

The data acquired this way were subsequently qualita-
tively analyzed by using the molecular feature extractor
tool built into the MassHunter (Agilent Technologies
version B.03), resulting in the detection of all chromato-
graphed peptides listed by monoisotopic mass. The results
of these extractions were exported to Microsoft Excel.
Masses detected were compared with lists of possible
peptides derived from subsequences of the original
protein subject to a minimum mass agreement of 5 ppm
between detected peptides and predicted peptides.
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MS analysis for amylin and reduced amylin

Enzyme reactions were carried out at 37 °C by mixing
5 pl of 1 mg/ml amylin in 20 mM Hepes buffer (pH 7.2)
with 5 pl IDE protein in an enzyme-to-substrate molar
ratio of 1:50 with or without 10 mM TCEP added.
Reactions were stopped after 5-min incubation by the
addition of 30 ul stop solution (170 mM ethylenediamine-
tetraacetic acid and 0.07% trifluoroacetic acid). The
digested samples were then analyzed using FT-ICR MS.
To do so, we injected amylin samples (12 pl) into a nano
RP-HPLC system (Dionex), with a C18 analytical column
(Agilent). Peptides were eluted from the nano column
with a linear gradient of 5-95% acetonitrile in 0.1% formic
acid and sprayed into an LTQ-FT tandem MS instrument
(Thermo Scientific). Spectra were acquired using positive
ion nano ESI mode with the FT-ICR acquiring precursor
spectra from 200 to 2000 m/z. For tandem MS, precursor
ions were fragmented by collision-induced dissociation.
MS/MS spectra were acquired in a data-dependent
manner from the five most intense precursor ions of
each FT-ICR MS scan. The RAW data files are processed
by Xtract™ function in Xcalibur™ (Thermo Fisher
Scientific) to generate reduced data files containing the
deconvoluted masses and intensities for MS spectra.

Protein crystallization and structure determination

IDE-CF-E111Q in complex with IGF-II, TGF-a,, amylin,
or Ap(1-42) was made after five cycles of protein—
substrate complex formation and separation by gel
filtration to ensure the high occupancy as described
previously.”?! The substrate-bound IDE was crystallized
by hanging drop vapor diffusion at 18 °C, using 1 pl of
protein (16-20 mg/ml) and 1 pl of mother liquor (10-13%
polyethylene glycol monomethyl ether 5000, 100 mM
Hepes, pH 7.0, 4-14% Tacsimate, and 10% dioxane).
Clusters of needle crystals appeared in 3 to 5 days and
were equilibrated in cryo-protective buffer containing 30%
glycerol and mother liquor and were flash frozen in liquid
nitrogen. Diffraction data were collected at 100 K at the
Advance Photon Source 14-BM-C and 19-ID beamlines at
Argonne National Laboratory. The data sets were pro-
cessed using HKL2000.* The structures were solved by
molecular replacement (Phaser)*” using the IDE portion of
Ap-bound IDE-E111Q structure as a search model
[Protein Data Bank (PDB) code: 2G47°]. Structure refine-
ment and rebuilding were performed using REFMAC and
Coot.>*! The extra electron density at the catalytic
chamber of IDE in the structures of IDE in complex with
TGF-a, IGF-1I, amylin, and AR (1-42) were clearly visible
based on o-weighted F,—F. map calculated by CNS*?
and manually built. The refinement statistics are summa-
rized in Table 2. Figures were generated using PyMOL*
and CCP4MG.* The volumes of the catalytic chamber of
IDE and that of insulin were calculated using VOIDOO**
and shape complementarity was calculated as described
previously.*

Enzymatic competition assay

Enzyme activities were assayed using a fluorogenic
bradykinin-mimetic substrate of IDE, substrate V (7-
methoxyc0umarin—4y1-acet}yl—RPPGFSAFK-2,4—dinitro-
phenyl; R&D Systems).”'**" Competition reactions were
carried out at 37 °C by mixing 90 pul of 0.5 uM substrate V
in 50 mM potassium phosphate buffer (pH 7.3) and 10 pl

of human IGF-II or TGF-a (Peprotech). The reactions were
initiated by the addition of 5 ul of 0.2 mg/ml IDE protein.
The substrate V degradation was assessed by monitoring
fluorescence intensity for 10 min every 20 s on a Tecan
Safire? microplate reader (lox=327 nm, /o, =395 nm).

Accession codes

The coordinates for IGF-1I-, TGF-o-, amylin-, and
AB(1-42)-bound IDE have been deposited in Research Col-
laboratory for Structural Bioinformatics PDB under acces-
sion codes 3E4Z, 3E50, 3HGZ, and 2WKS3, respectively.
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