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ABSTRACT: Insulin degrading enzyme (IDE) utilizes a large catalytic chamber to selectively bind and
degrade peptide substrates such as insulin and amyloid 3 (Af). Tight interactions with substrates occur
at an exosite located ~30 A away from the catalytic center that anchors the N-terminus of substrates to
facilitate binding and subsequent cleavages at the catalytic site. However, IDE also degrades peptide
substrates that are too short to occupy both the catalytic site and the exosite simultaneously. Here, we use
kinins as a model system to address the kinetics and regulation of human IDE with short peptides. IDE
specifically degrades bradykinin and kallidin at the Pro/Phe site. A 1.9 A crystal structure of bradykinin-
bound IDE reveals the binding of bradykinin to the exosite and not to the catalytic site. In agreement with
observed high K, values, this suggests low affinity of bradykinin for IDE. This structure also provides
the molecular basis on how the binding of short peptides at the exosite could regulate substrate recognition.
We also found that human IDE is potently inhibited by physiologically relevant concentrations of
S-nitrosylation and oxidation agents. Cysteine-directed modifications play a key role, since an IDE mutant
devoid of all 13 cysteines is insensitive to the inhibition by S-nitrosoglutathione, hydrogen peroxide, or
N-ethylmaleimide. Specifically, cysteine 819 of human IDE is located inside the catalytic chamber pointing
toward an extended hydrophobic pocket and is critical for the inactivation. Thiol-directed modification of

this residue likely causes local structural perturbation to reduce substrate binding and catalysis.

Insulin degrading enzyme (IDE)'is an evolutionarily
conserved zinc metalloprotease (M 16 family) that is involved
in the clearance of various physiologically relevant peptide
substrates (/—4). In addition to its ability to degrade insulin
(5) and amyloid 3 (Ap) (3, 6, 7), IDE can hydrolyze a broad
variety of biologically active peptides, which vary both by
sequence and length. Insulin-like growth factor-2 (IGF-2) (/, 8),
atrial natriuretic peptide (ANP) (9), transforming growth
factor a (TGF-o0) (10), and glucagon (/7) are a few
examples. The crystal structures of human IDE (4, 12, 13)
have provided the first molecular details, which elucidate
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the mechanisms of substrate recognition. IDE is organized
in two 56-kDa catalytic N- and C-terminal domains that
comprise four structurally homologous a3 roll domains. The
two functional N- and C-terminal domains, joined by an
extended 28 amino acid residues loop, enclose a large
catalytic chamber that can fit peptides smaller than 70-amino
acids long. Size and charge distribution of this catalytic
chamber are properties likely involved in the regulation of
recognition and binding of substrates. The preference of IDE
for substrates with basic and hydrophobic amino acids at
the P1—P1’ sites arise from both the hydrophobic and
electrostatic nature of the catalytic chamber near the catalytic
residues. IDE also undergoes a conformational switch from
a closed to an open state to allow entrance of the substrates
in its catalytic chamber. Once entrapped, the substrates
undergo conformational changes in order to interact with two
discrete regions of IDE for their degradation.

Thus far, the only crystal structures of IDE—substrate
complexes that were solved involved molecules that were
at least 30aa in length (/3). In these structures, substrates
are bound in the catalytic chamber by establishing contacts
with regions of IDE that extend from the catalytic site located
in domain 1, and made of the typical HxxEH motif (/4), to
the exosite made of conserved residues and located ~30 A
distant from the catalytic Zn>* (12). IDE accommodates its
substrates in the catalytic chamber by anchoring their
N-terminal end to the exosite, allowing the positioning of
cleavable regions in proximity to the catalytic center (4).
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However, this type of interaction cannot apply to the
recognition of substrates less than 12 amino acids long, such
as the nonapeptide hormone bradykinin (15, 16) or the
pentapeptide enkephalin because such short peptide substrates
cannot bind both the exosite and the catalytic site simulta-
neously. The degradation of short peptide substrates by IDE
has interesting features, such as the observations that ATP
and several small substrates can activate IDE (16, 17).
Furthermore, IDE has a substantially higher rate of catalysis
toward short substrates (>2000 s~!') rather than large
substrates like insulin (0.5 min~") (I8, 19). We recently
showed that ATP can facilitate the conformational switch
of IDE, which in turn may contribute to the catalytic activity
of IDE (/2). However, the molecular details of how IDE
recognizes short peptide substrates and how they facilitate
catalysis remain elusive.

Bradykinin is a vasoactive peptide of the family of kinins.
In response to inflammatory events such as tissue damage,
allergic reactions, and viral infections, kinins are generated
from the cleavage of the precursor kininogens by enzymes
known as kallikreins and serve as potent mediators of pain,
inflammation, and vasodilatation (20, 21). G protein-coupled
receptors (GPCR) known to mediate kinin function are of
two types: the Bl receptor, which is induced during
inflammation, and the B2 receptor, constitutively expressed
in many cell types (22, 23). The affinity of the interaction
between kinins and their receptors can be altered upon the
cleavage of kinins (24), and in addition to kallikreins, kinins
are also shown to be hydrolyzed by the metalloproteases
angiotensin-converting enzyme (ACE) (25), neprilysin (NEP)
(26), endothelin-converting enzyme-1 (ECE-1) (27, 28),
IDE (15, 16), and EP24.15 (29).

The degradation of kinins by IDE is not well studied. For
example, the cleavage site of kinins by IDE, the detailed
kinetic analysis, as well as the structural basis for the
recognition of bradykinin by IDE remain to be elucidated.
Furthermore, the physiological relevance for the degradation
of kinins by IDE remains elusive. IDE localized on the cell
surface and in the extracellular milieu can potentially control
kinin-mediated signaling and receptor recycling by regulating
the extracellular level of kinins. In addition, endosomal IDE
could be involved in the degradation of kinins released from
endocytosed B2 receptor (30).

Growing evidence correlates the reactions of cysteines with
the regulation of protein function. An interesting feature of
human IDE is the presence of 13 cysteines in its primary
structure that are not immediately involved in catalysis.
While IDE has been shown to be post-translationally
modified and regulated, no direct role of the cysteines has
been established (37/—34). The modifications of IDE that
have been identified include inhibition studies by alkylation
and oxidation. Oxidative damage of IDE, and the consequent
impairment of its A-degrading activity may in part explain
the deposition of Af in the brain of Alzheimer disease’s (AD)
patients in the presence of oxidative stress conditions (35).
Recently, the nitrosylation of proteins, such as NMDA
receptors, caspase-3, parkin, protein disulfide isomerase, and
matrix metalloprotease-9, has been shown to play key roles
in the modulation of protein function (31, 36, 37). Further-
more, crucial cysteine residues and the molecular basis for
this emerging post-translation modification were elucidated
(31, 37). Several lines of evidence have correlated the
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exaggerated production of NO with pathological responses,
such as insulin resistance and the formation of amyloid-3
plaques (38—41). However, questions whether the modula-
tion of the function of IDE, involved in both the degradation
of insulin and Af, can occur by nitrosylation have not been
addressed.

In order to elucidate the structural bases of the recognition
and cleavage of short peptide substrates by IDE, we
generated an IDE mutant completely free of cysteines by
sequence conservation and local environment analyses of the
13 cysteine residues of human IDE. This mutant resulted in
an active enzyme and in diffracting-quality crystals that had
the advantage of growing in nonreducing conditions. We
therefore used two kinins, bradykinin and kallidin (Lys-
bradykinin), as a model system of short peptides and report
here mass spectrometry, kinetic, and X-ray crystallographic
data showing that kinins are low-affinity substrates of IDE.
Subsequently, because of the need of an IDE cysteine-free
mutant in order to obtain diffracting-quality crystals, we have
also undertaken the investigation of the role of cysteines in
IDE as potential target for post-translational modifications.
We have therefore examined the effect in vitro on IDE
activity of several thiol-directed modifications using specific
aminoacidic substitutions. We identify a key cysteine residue
that by perturbing the local structural environment of IDE’s
catalytic chamber plays a crucial role in the functional
impairment of the enzymatic activity.

EXPERIMENTAL PROCEDURES

Construction of IDE Mutants. Protocols for construction
of the expression vector for human IDE were previously
reported (/3). Using as a template the plasmid pProEx-IDE,
the Invitrogen Multi-QuickChange kit was used to introduce
multiple mutations of all 13 cysteine residues of IDE in two
separate constructs: pProEx-IDE-CF-123 mutant free of
cysteines in domains 1, 2, and 3 only (containing the
substitutions C110L, C171S, C178A, C257V, C414L, C573N,
C590S); pProEx-IDE-CF-4 mutant free of cysteines in
domain 4 only (containing the substitutions C789S, C812A,
C819A, C904S, C966N, C974A) (Table 1 and Figure S1,
Supporting Information). In the process of making IDE-CF-
4, five mutants (M1-MS5) containing combinations of mutated
cysteines located in domain 4 only (M1: C904S/C966N, M2:
C789S/C904S/C966N, M3: C812A/C819A/C904S/CI66N,
M4: C789S/C904S/C966N/CIT4A, MS5: CT789S/C819A/
C904S/C966N, respectively) were created as well. The choice
of residues to use in replacing cysteines was based on the
evolutionary conserved analysis of IDE sequences from
vertebrate, plant, fungi, and yeast, with the aim of not
perturbing the local environment and therefore the structural
integrity (Figure S2, Supporting Information). The mutations
were confirmed by DNA sequencing. The catalytic activities
of the purified proteins of these two IDE mutants were shown
to be comparable with wild-type IDE. We then generated a
full-length mutant (IDE-CF) completely free of cysteines by
swapping the DNA encoding IDE-CF-4 into the vector
pProEx-IDE-CF-123. IDE-CF contains the following sub-
stitutions: C110L, C171S, C178A, C257V, C414L, C573N,
C5908S, C789S, C812A, C819A, C904S, C966N, and C974A.
Using the Invitrogen Quick-change kit, we also generated
the single point mutant IDE-C819A, using pProEx-IDE as
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Table 1: IDE Cysteine Mutants”

1 2 3 4
110 171 178 257 414 573 590 789 812 819 904 966 974
CF L S A v L N S S A A S N A
CF-123 L S A v L N S - - - - - -
CF-4 - - - - - - - S A A S N A
Ml - - - - - - - - - - S N -
M2 - - - - - - S - - S N —
M3 - - - - - - - - A A S N -
M4 - - - - - - - S - - S N A
M5 - - - - - - - S A S N -
C819A - - - - - - - - - A - - -
CF-S789C L S A v L N S C A A S N A
CF-A812C L S A v L N S S C A S N A
CF-A819C L S A v L N S S A C S N A
CF-5904C L S A v L N S S A A C N A
CF-N966C L S A v L N S S A A S C A
CF-A974C L S A v L N S S A A S N C

“The 13 cysteine residues of IDE are shown in the second row from the top. The domains of IDE (1—4) where the corresponding cysteine residues

are located are shown in the top row.

the template, and six single point mutants (IDE-CF-S789C,
IDE-CF-A812C, IDE-CF-A819C, IDE-CF-S904C, IDE-CF-
N966C, IDE-CF-A974C) with cysteine residues inserted back
on a CF background using pProEx-IDE-CF as the template.
A complete list of the mutants generated and used in this
study is reported in Table 1. For the crystallization of the
complex with bradykinin, the mutation E111Q was intro-
duced into the pProEx-IDE-CF expression vector.

Expression and Purification of Recombinant IDE. Recom-
binant IDE proteins were expressed and fully purified as
previously reported (/2). However, a small-scale protocol
for expression and partial purification of IDE samples was
used to perform initial NEM sensitivity characterization of
IDE mutants. E. coli Rosetta (DE3) cells containing the
various IDE plasmids were sonicated after resuspension in
lysis buffer, composed of 20 mM Tris, pH 7.7, 100 mM
NaCl, 0.1 mM PMSF, 0.1 mg/mL lysozyme. The soluble
protein fraction (crude cell lysate) was separated from the
cell debris by centrifugation at 35 000 rpm and was loaded
on a Ni-NTA column, which had been previously equili-
brated with 20 mM Tris, 100 mM NaCl, and 0.1 mM PMSF.
Then, the Ni-NTA column was washed with the equilibration
buffer, followed by a second wash with the same buffer
containing 5 mM imidazole to remove any loosely bound
protein. The histidine-tagged human enzyme was eluted from
the column by a step gradient of 150 mM imidazole. The
fractions with the partially pure IDE were pooled and
concentrated using Amicon 30 (MWCO 30 000) and cen-
tricon-10 and stored at —80 °C.

Enzymatic Assays of Kinins Degradation by IDE. Brady-
kinin and kallidin were purchased from AnaSpec, substrate
V was purchased from R&D Systems. Proteolysis of brady-
kinin and kallidin by IDE-CF was monitored by using the
fluorogenic peptide substrate V (7-methoxycoumarin-4-yl-
acetyl-NPPGFSAFK-2,4-dinitrophenyl) (42); 90 uL of 0.5
uM substrate V were dissolved in 50 mM potassium
phosphate, pH 7.3, and mixed with 10 uL of various
concentrations (0—14 mM) of bradykinin and kallidin in two
separate experiments. Immediately before measuring fluo-
rescence signal from the cleavage of substrate V, 5 uL of
0.2 mg/mL IDE-CF was added to the reaction mixture and
the assay was conducted at 37 °C for 15 min. The hydrolysis
of substrate V was measured using a Tecan Safire, microplate

reader (Tecan Trading AG, Switzerland) with excitation and
emission wavelengths set at 327 and 395 nm, respectively.

Mass Spectrometry Analysis of Kinins Degradation by
IDE. MALDI-TOF and MS-MS spectrometry characteriza-
tion of the proteolytic fragments generated by the cleavage
by IDE-CF of bradykinin and kallidin were performed using
a Voyager 4700 MALDI-TOF mass spectrometer (Applied
Biosystems). Protein samples were incubated for 30 min in
50 mM potassium phosphate, pH 7.3, with bradykinin and
kallidin in two separate experiments. Reaction mixtures were
quenched by adding 0.5 mM EDTA at time points 0 and 30
min, 5 uL of the quenched reaction mixtures was mixed with
an equal volume of 0.1% trifluoroacetic acid (TFA) and
purified through a C-18 ZipTip (Millipore), and 1 uL of the
purified samples was then mixed with matrix o-cyano-4-
hydroxycinnamic acid (CHCA, Sigma) and spotted on a
metal plate (ABI). Analysis of the peaks (m/z) in relation to
the amino acid sequence of bradykinin and kallidin was
performed by FindPept tool from the ExPASy proteomic
webserver. MS-MS analysis was performed by fragmentation
of the highest peaks (precursor masses) from a MALDI-TOF
run. The consequent examination of the fragmentation
obtained was performed by de novo analysis using the
software Data Explorer from ABI.

Crystallization, Data Collection, and Structure Determi-
nation. The catalytically inactive mutant IDE-CF-E111Q was
used for crystallization trials in order to avoid cleavage of
bradykinin. The purified enzyme (0.1 mM) was preincubated
with bradykinin using molar ratios of 1:10 and 1:100 for
1 h before crystallization, or before going through each of
four consecutive gel-filtrations in a superdex-200 column as
previously reported (/3). Crystals were obtained in 7—10
days at 18 °C, by the hanging drop vapor diffusion method
by mixing 1 uL of protein—substrate solution with an equal
volume of precipitant solution as previously reported (/2).
Crystals were cryoprotected in two successive steps, using
a concentrated solution of precipitant containing 15% and
30% glycerol, and flash cryocooled in liquid N,. Diffraction
data were collected at the beamline 19-ID at the Structural
Biology Center at Argonne National Laboratory. HKL.2000
(43) and the CCP4 suite of programs (44) were used for
integration reduction and scaling of X-ray diffraction data.
The structure of the complex IDE—bradykinin (IDE-BK)
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Table 2: Crystallographic Statistics (values in parentheses indicate the
highest resolution shell)

Data Collection

beamline APS 19-ID
wavelength A) 1.03320
space group Pos

cell dimension (A)

a 262.5

b 262.5

c 90.0
resolution (A) 30-1.9
Rsym (%) 8.8(51.2)
Ilo 15.7 (1.75)
redundancy” 2.42.1)
completeness (%) 97.4 (91.7)

unique reflections 595933 (248865)

Refinement
Ryork “(%) 18.3 (25.5)
Riree (%) 20.8 (29.8)
B factor (A2)
protein 30.6
N-terminal bradykinin 46.3
water 40.0
rmsd’
bond lengths (A) 0.01
bond angles (deg) 1.14
Ramachandran plot (%)*
favorable region 92.6
allowed region 7.4
generously allowed region 0
disallowed region 0
PDB accession code 3CWW

aRsym =z (I - < 1 >)/2 < I > bNobs/Nunique- CRwork = thl”Fobsl —k
|Feadl/ Ziwa| Fobs|. @ Rirees is the Ryore value for 5% of the reflections
excluded from the refinement (6/). /rms deviations (rmsd) calculated
with PHENIX (46). ¢ Values are from PROCHECK (48).

was solved by molecular replacement with the program
PHASER (45). In order to avoid model-bias, coordinates
from substrate-free IDE (PDB ID 2jg4) (12) were used as
starting model for phasing using molecular replacement.
Structure refinement was performed by PHENIX (46) and
manual model rebuilding by Coot (47). The structure was
validated by PROCHECK (48). Data collection, processing,
and refinement statistics are reported in Table 2. All graphics
were generated using PyMOL (49).

The Sensitivity of IDE to the Treatment with NEM, GSNO,
and H>0,. N-Ethylmaleimide, S-nitrosoglutathione (GSNO),
and hydrogen peroxide (H,O,) were purchased from Sigma.
Fluorescein-Af-(1—40)-Lys-biotin (FASB) was a gift from
Dr. Leissring. Initial characterization of IDE sensitivity to
NEM was performed by incubation of 1 mg/mL of purified
IDE (wild-type or mutant) in 50 mM potassium phosphate
buffer, pH 7.2, at 25 °C for 1 h, containing various
concentrations of NEM (0.2—1 mM), H,O, (0.025—2.5 mM),
or GSNO (0.03—1 mM). In every case, aliquots of the
reaction mixture were removed after 1 h and assayed for
enzymatic activity using either 0.5 4M fluorogenic substrate
V (42) or 1.5 uM fluorogenic amyloid- (FASB) (50) as
substrates. Fluorescence measurements were taken using a
Tecan Safire? microplate reader with excitation and emission
wavelengths set respectively at 327 and 395 nm for substrate
V and 488 and 525 nm for FASB. Relative activities are
reported assuming that 100% is the control reaction in which
the enzymes were incubated only with buffer.
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RESULTS

Characterization of the Degradation of Short Peptide
Substrates Kinins by IDE. To address the possible role of
IDE in the catabolism of kinins, we incubated bradykinin or
kallidin (Lys-bradykinin) with purified recombinant human
IDE. We found that bradykinin is hydrolyzed after 30-min
incubation, as shown by mass spectrometry analysis using
MALDI-TOF (Figure 1A). The cleavage site is located
between residues Pro’ and Phe® (peak at m/z 757.38), with
release of the C-terminal dipeptide Phe?-Arg®. Same cleavage
of the C-terminal dipeptide of bradykinin is observed by ACE
and NEP (57). The exact position of the cleavage site was
confirmed by MS-MS fragmentation spectra on the major
peaks obtained from MALDI-TOF. De novo sequencing
confirmed that the ion at m/z = 757.38 was the fragment
Arg!-Pro’ of bradykinin, based on the fact that most of b
and y ions could be identified (Figure 1B). An additional
minor cleavage site for bradykinin was revealed in the peak
at m/z = 653.32 (Figure 1A), which may correspond to the
fragment Phe’-Arg® of bradykinin after cleavage between
residues Gly* and Phe’. However, no MS-MS data could be
obtained to confirm this hypothesis.

We then tested whether kallidin can be digested by IDE.
Incubation for 30 min resulted in the production of a major
peak at m/z = 885.43, which corresponds to the fragment
Lys'-Pro® after cleavage between Pro® and Phe® (Figure 1C).
MS-MS analysis confirmed the identity of this fragment
peptide with all residues of kallidin cleavage product
identified (Figure 1D). Together, our data show that IDE
cleaves both bradykinin and kallidin at the same site, which
is between Pro and Phe.

We then performed kinetic analysis to determine the
affinity of IDE for kinins. We used substrate V as a
fluorescent probe to monitor the proteolytic reaction (42).
Substrate V has an internally quenched fluorescent peptide
derived from the amino acid sequence of bradykinin. The
reaction was performed with excess (~15 mM) of bradykinin
or kallidin with respect to substrate V (0.5 uM) to ensure
that the kinetic reaction represented a good approximation
of the catabolism of bradykinin or kallidin. We observed
K., values for the degradation of bradykinin and kallidin by
IDE of 4.2 £ 0.6 mM, and 7.3 & 0.7 mM, respectively. This
suggests that IDE only has a weak affinity for kinins (Figure
2). However, the k., for bradykinin and kallidin is around
2000 s~!, consistent with the notion that IDE can rapidly,
but not necessarily more efficiently, degrade small peptide
substrates (/9).

Crystal Structure of IDE in Complex with Bradykinin. Our
structural analysis of IDE in complex with peptide substrates
that are greater than 30 amino acid long reveals that the
anchoring of peptide substrates into the exosite of IDE plays
a key role in substrate recognition (4). However, bradykinin
or kallidin are too short to anchor to both exosite and catalytic
site of IDE for their cleavage. To elucidate the structural
basis for the binding of bradykinin into the catalytic chamber
of IDE and to understand how IDE selects and binds small
molecules, we solved the structure of the complex IDE—brady-
kinin (IDE-BK).

The recombinant human IDE used in our previous
structural analysis of IDE—substrate complexes has a
glutamate to glutamine mutation at residue 111 for the



12826  Biochemistry, Vol. 47, No. 48, 2008

Malito et al.

A
RPPGFSPFR
60000 - . \ g ; )
t=0min 3 t=0min KRPPGFSPFR
g g
40000 - ~ 8
N -
~
o
@ ™
[}
20000 - P
e
o O " ol A’LLLJ L I\ i, ., A . Jl .ll 'In
= 600 800 1000 600 800 1000 1200
w v
C
] RPPGFSP
£
; t=30min - ; 8
60000 t=30min =
KRPPGFSP -
40000 -
20000 -
J i 1 ul' \ . . A Ilu \
B 600 800 1000 D 800 1000 00
m/z m/z
H2N NH
5553 6834
b2 b4 b5 7704
1571 254.1 3512 408.2 642 33 1291 2852 3822 4793 536.
Qﬁ[@% COZH Oﬁ{ COzH
*HgN
2 HO
2 7575 5043 y4 350.1 y:
6014 5005 % 23’31 11"(;1 6013 4072 2031 1704
600 1 8000 - © ©
©0 Py >
= o <
500 - ¥ 2 8
3 6000
= 400 {3,
2 = e B 5
S 390 7 8 4000 | 3 2 <
I= 5 o o P 0 2
=200l > § A & o ~
| p: o 5 < =3 2 8
| o = 2 2 1~ i . <98y T > T >
| S g o <> 2000 b Sa> 259 < 5
100 - N2 © ) S BaN 9 F o 2
<] on O B I ® 5
(¥ o w ©e TPy L
) b mil N e Ll :
200 400 600 200 400 600 800
m/z m/z

FIGURE 1: Mass spectrometry analysis of bradykinin and kallidin degradation by IDE-CF. (A) MALDI-TOF spectra of bradykinin degradation
at 0 min (top) and 30 min (bottom). The amino acidic sequence of bradykinin is shown for the peaks corresponding to the mass of full-
length bradykinin (top) and for the cleavage product (bottom). (B) MS-MS spectra of precursor mass 757.38 for bradykinin as detected by
MALDI-TOF. De novo prediction of the peptide sequence is labeled on the corresponding y and b ions on the peaks from the spectra and
on the chemical structure of bradykinin. (C and D) Same as panels A and B for kallidin.

catalytic inactivation. In order to obtain crystals suitable for
X-ray diffraction experiments, this protein sample needed
to be purified in the presence of reducing agents 3-mercap-
toethanol, DTT, or TCEP. However, under these conditions
we failed to generate diffracting bradykinin-bound IDE
crystals. We hypothesized that the necessity of reducing
agents during purification and crystallization is due to the
oxidative modification(s) of the 13 cysteine residues present
in human IDE. These 13 cysteines are not evolutionarily
conserved among IDE from various organisms (Figure S2,
Supporting Information). While 12 out of the 13 cysteines
are conserved in mammals, none of them are present either
in high plants (IDE homologues from Arabidopsis thaliana,

tomato, and rice) or in pitrilysin (an IDE homologue from
E. coli). C110 is located in the catalytic center and is the
most conserved cysteine. However, the side chain of C110
is pointing in the opposite direction from the catalytic site
and was previously shown to be not involved in substrate
binding and catalysis. Mutations of C110 to either glycine
or serine have no effect on the enzymatic activity of IDE
(34). The next most conserved cysteines are C257 and C819,
located in domain 1 and 4, respectively. Together with the
analysis of the local environment, sequence conservation
suggested that mutating all cysteines in human IDE would
not affect the catalytic activity. We thus constructed an IDE
mutant (IDE-CF) that had all 13 cysteines mutated to the



Short Substrates Recognition and Thiol Sensitivity of Human IDE

A
2000 |

-
a
o
o
T

1000 |

Sp. Act. (sec -1)

500 [

2 4 6 8 10 12 14
[BK], mM

Biochemistry, Vol. 47, No. 48, 2008 12827

B
2000 |

-1

1500 |

Sp. Act. (sec
S
8

(41
o
o
T
»

2 4 6 8 10 12 14
[KD], mM

FIGURE 2: Kinetic analysis of bradykinin and kallidin degradation by IDE. Specific activities (s~!) of IDE-CF using the indicated bradykinin
(A) and kallidin (B) concentrations and 0.5 uM substrate V are shown. The activity was measured at 37 °C for 5 min. K,, values were
determined to be 4.2 £ 0.6 mM and 7.3 £ 0.7 mM for bradykinin and kallidin, respectively. Data utilized for fitting kinetic curves are
mean £ SD representative of two independent assays performed in duplicates.

appropriate residues chosen by analysis of local environments
of the structure of human IDE as well as by analysis of
sequence conservation (Table 1 and Figure S1, Supporting
Information). Indeed, IDE-CF had specific activity similar
to wild-type using the bradykinin-mimetic substrate V as the
substrate (specific activities of 3.0 £ 0.4 min~! and 4.5 £+
0.1 min~! for IDE-WT and IDE-CF, respectively, when 0.5
uM fluorogenic substrate V was used).

After introducing the catalytically inactivating mutation
E111Q, we found that IDE-CF-E111Q was particularly
successful in forming ordered crystals of considerable size
at a more rapid rate than the original construct (IDE-E111Q).
We therefore utilized this IDE mutant for the structural
characterization of bradykinin-bound IDE (IDE-<BK). We
initially performed cocrystallization experiments with brady-
kinin, but inspection of electron density maps did not reveal
the presence of a bound substrate in the catalytic chamber
of IDE. Crystals of the IDE-BK complex were finally
obtained after several cycles of incubation of catalytically
inactive IDE mutant with up to 10 mM bradykinin to
maximize the formation of IDE+BK complex without notice-
able precipitation. These crystals diffracted up to 1.9 A (Table
2). The overall fold of this complex is in the closed
conformation and virtually identical to the previous structures
of substrate-bound IDE-E111Q (rms deviation of 0.3 A for
all C, atoms) (/3), consistent with the notion that our cysteine
mutations did not alter the IDE structure.

The electron density map calculated at 1.9 A showed peaks
in the catalytic chamber in proximity to the exosite. The
shape of this density could be modeled well with the
N-terminal three residues of bradykinin (Arg!-Pro*Pro’)
(Figure 3A) with occupancy of ~80%. The side chain of
the N-terminal arginine is not visible, in part because it points
toward the catalytic chamber and does not make specific
interactions with surrounding residues. Thus, it is modeled
as Ala' in our structure. Residues 336—342 and 359—363
of IDE are involved in interactions with bradykinin. Residues
336—342 constitute the exosite and are highly conserved
among different species (Figure S1, Supporting Information).
They belong to a helix-loop segment located laterally to a
seven-stranded [-sheet that makes more extensive polar
interactions with bradykinin (Figure 3A). The oxygen atoms
of the side chain of Glu**! and of the backbone carbonyl of
Gly** are within H-bond distances from the backbone amide
of the terminal Arg' of bradykinin. Also, residues 359 and
361 make polar interactions with the N-terminal bradykinin.

Hydrogen bonds are mediated by the main-chain carbonyl
oxygen atom of Leu359 and the amido group of Gly361 with
the backbone N and C atoms of Arg' and Pro? of bradykinin,
respectively. The carbonyl of Gly361 is also favorably
directed to make polar interactions with main-chain atoms
of Pro? and Pro® of bradykinin. Residues 359—363 are
located on the lateral (external) f-strand of the extended
seven-stranded [3-sheet.

Inspection of electron density maps from 14 data sets at
resolutions from 1.9 to 3.2 A revealed peaks of noncontinu-
ous electron density in front of the active-site residues. These
peaks suggested that bradykinin was incorporated in the
crystals with a low occupancy (Figure S3, Supporting
Information), in agreement with the low affinity inferred from
the high K, observed. The size and shape of the catalytic
chamber of IDE (4), and the observed position of bradykinin
bound in the exosite (that is located ~30 A distant from the
catalytic Zn) (Figure 3B), suggest that IDE may bind two
molecules of bradykinin at the same time (see Discussion
for further consideration).

Susceptibility of IDE to Alkylative Damage. IDE is known
to be sensitive to inhibition by sulfhydryl-directed reactions,
such as alkylation (with N-ethylmaleimide [NEM]) and
oxidative inactivation (H,O,) (32—34). The availability of
catalytically active cysteine-free IDE prompted us to test
whether cysteine residues in IDE are indeed involved in the
inhibition by NEM and in oxidation using a small peptide
substrate as a model system. In the process of constructing
the cysteine-free IDE mutant, we also made a series of
mutants containing point and multiple mutations at the sites
of cysteine residues (Table 1), allowing us to pinpoint the
involvement of specific cysteine(s) in NEM and oxidative-
mediated inhibition. Using fluorogenic bradykinin-mimetic
substrate V, we found that wild-type IDE was highly
sensitive to inhibition by NEM and had greater than 95%
loss in its activity upon treatment with 1| mM NEM (Figure
4A). As expected, IDE mutant free of cysteine residues was
relatively resistant to the inactivation by NEM. This confirms
that indeed cysteine residues are responsible for the inactiva-
tion of IDE in the presence of NEM. Given that human IDE
has 13 cysteines and that more than one cysteine may account
for the NEM sensitivity, we first made two IDE mutants,
IDE-CF-123 and IDE-CF-4, which have seven mutated
cysteines located at domains 1, 2, and 3 or six mutated
cysteines at domain 4, respectively (Table 1). We found that
IDE-CF-123 remained highly sensitive to NEM while IDE-
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FIGURE 3: Structural analysis of bradykinin-bound IDE. (A) Stereoview of the interactions between bradykinin and the exosite of IDE. The
N-terminal residues Arg(Ala)!-Pro?-Pro® of bradykinin are shown as yellow sticks. Protein residues belonging to the exosite are shown as
salmon sticks, while their secondary structures are shown as green cartoon. 2F, — F. simulated-annealing omit map is shown around
bradykinin as blue mesh contoured at 1.50. Hydrogen bonds are shown as red dashed lines. (B) Surface representation of IDE-N catalytic
chamber with shown positions of the active site (red surface and magenta sphere for catalytic zinc) and exosite (green surface for residues
336—342 and 359—363 of IDE). N-Terminal bradykinin is shown as yellow sticks, and distance from active site to exosite is shown as a

dashed line.

CF-4 had significantly reduced sensitivity to the treatment
(Figure 4A). This finding indicates that the crucial cysteine
residue(s) is located in domain 4. We also observed that IDE-
CF-123 became more sensitive with respect to to IDE-WT
to the inhibition by NEM, suggesting a role of cysteine(s)
in domains 1, 2, 3 in the modulation of NEM sensitivity.
We then characterized five IDE mutants that have variable
mutations at the six cysteine residues located in domain 4
(Table 1, and Figure 4B). We observed susceptibility to NEM
for mutants M1, M2, and M4 and partial resistance for M3
and M5. This data indicates that C789, C904, C966, and
C974 are not involved in the NEM sensitivity since those
residues are present in IDE M1, M2, or M4. A common
residue between the two NEM-resistant mutants, IDE M3
and M5, is Cys 819. This suggests a key role of this residue

in NEM sensitivity. To confirm this, a mutant containing
the C819A mutation in the wild-type background (IDE-WT-
C819A) was constructed and tested. When compared to IDE-
CF4 and IDE-WT, IDE-C819A was indeed less sensitive to
NEM inactivation, confirming the important role played in
the inhibition by Cys 819 (Figure 4C).

To unambiguously determine the role of specific cysteine
residues of domain 4 in NEM sensitivity, we reintroduced
each of the six cysteines into the IDE-CF background,
creating six new single point mutants (Table 1). Initial
characterization experiments were conducted on partially
purified samples and showed sensitivity to NEM of mutants
A812C and A819C (Figure S4, Supporting Information). This
is in direct agreement with the results obtained in the recently
published study by Neant-Fery et al. (52), where the single
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FIGURE 4: NEM sensitivity of human IDE. Relative activities of IDE-WT, IDE-CF, IDE-CF-123, and IDE-CF-4 (A), and of IDE mutants
M1-MS5 (B), are shown at two concentrations of NEM (0.2 and 1 mM). Activities were measured after 1 h incubation of IDE samples
partially purified by a small-scale protocol (see Experimental Procedures for details). (C) NEM concentration (0—1 mM)-dependent relative
activities of IDE-WT, IDE-CF-4, and IDE-WT-C819A. (D) NEM sensitivity of fully purified IDE mutants at three different concentrations
of NEM (0.15, 0.6, and 2.5 mM) after 1 h incubation. Samples shown in panel D were fully purified, in large scale, as previously reported
(12) to exclude effects of contaminant from less purified samples. Relative activities are reported assuming as 100% the control reaction
were each sample was incubated with buffer only. Incubations were performed mixing 1 mg/mL purified IDE samples with the shown
concentration of NEM, and activity was followed by measuring fluorescence as resulting from the cleavage of 0.5 uM Substrate V.

812C mutant of IDE, only purified through Ni-NTA chro-
matography, was susceptible to alkylation. However, when
the same inhibition assays were performed on fully purified
samples, we found that only IDE-CF-A819C is highly
sensitive to the NEM inactivation (Figure 4D). This suggests
that the preliminary observations from A812C were an
artifact from impurities in the partially purified samples '.
It is interesting to note that although located nearby,
alkylation of Cys 812 does not induce a similar inhibition
effect as Cys 819 (Figure 4D). Based on these findings, we
concluded that in domain 4 Cys 819 is the only cysteine
that plays a crucial role in the NEM-mediated inactivation
of IDE.

! During revision, Neant-Fery et al. published a study of IDE mutants
(52). Based on the kinetic analysis of partially purified single cysteine
IDE mutants, Neant-Fery et al. conclude that both C819 and C812 are
crucial for NEM sensitivity. While our data from the partially purified
proteins are consistent with their findings, the kinetic analysis from
the fully purified IDE mutant refutes the role of C812 in NEM
sensitivity. From subtraction, Neant-Fery et al. also infer a potential
role of C178 in the inhibitory role by NEM. Unfortunately, our data
do not support this aspect.

Susceptibility of IDE to S-Nitrosylation and Oxidation.
Inhibition of human IDE -catalytic activity was further
investigated using physiologically relevant modifications,
oxidation by hydrogen peroxide (H,O,) and S-nitrosylation
by S-nitrosoglutathione (GSNO). H,O, can modify residues
of targeted proteins and was shown to inactivate rat IDE
(32). GSNO is a potent NO donor that can covalently attach
a nitrogen monoxide group to the thiol side chain of
cysteines, resulting in the production of S-nitrosothiols, which
can compromise protein function (37). S-nitrosylation can
also promote the formation of disulfide linkages within or
between proteins (53, 54). Moreover, GSNO was shown to
be the main nonprotein S-nitrosothiol source in cells and in
extracellular fluids (55).

In vivo, the concentration of compounds that induce
nitrosylation and oxidation of biomolecules can range from
nanomolar amounts during normal conditions to as high as
100 M during stress conditions (56, 57). Thus, we examined
the concentration-dependent inhibitory effect of GSNO and
H,0,, respectively, on the proteolytic activity of human IDE
with respect to substrate V (Figure 5A, 5B). Our data shows
that the activity of IDE can be compromised by micromolar
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FIGURE 5: GSNO and H,0,-mediated inhibition of IDE. Concentration-dependent inhibition of IDE-WT, IDE-CF123, and IDE-CF4 by
GSNO (A) and H,0, (B) as measured by monitoring the degradation of substrate V. Inhibition of IDE measured by monitoring the degradation
of either 0.5 uM fluorogenic substrate V (C) or 1.5 uM fluorogenic FASB (D) in the presence of a single concentration of NEM, GSNO,

and H,O, (1 mM).

concentrations of GSNO and H,0O,. Furthermore, in Figures
5C and 5D, we compared the inhibitory effect of all three
types of modifications (oxidation, nitrosylation, and alkyla-
tion) with respect to the ability of various forms of human
IDE to cleave substrate V, or FASB. We found that wild-
type IDE is sensitive to inactivation by both H,O, and GSNO
(Figure 5), while the cysteine-free form of IDE is insensitive
to these treatments. This confirms the critical role of cysteines
in the inactivation of IDE, with little or no contributions from
other amino acids that can be modified by H,O, or GSNO
(37).

Following the same approach as applied with NEM, we
wanted to pinpoint the crucial cysteine residue(s) for the
sensitivity of IDE to H,O, and GSNO. We found that IDE-
CF-123 was also inactivated by H,O, and GSNO while IDE-
CF-4 was relatively resistant to such treatments (Figures 5SC
and 5D), indicating a similar role for cysteines in domain 4
as seen for NEM sensitivity. We then examined the effect
of H,O, and GSNO on the enzymatic activity of IDE-CF-
A819C, the mutant that contains only one cysteine in position
819. We found that this mutant was highly sensitive to the
treatments, again in agreement with the NEM sensitivity data.
In conclusion, this indicates an unambiguous role of Cys
819 in the inactivation of IDE as induced by different
mechanisms (alkylation, oxidation, nitrosylation). It is worth
noting that both IDE-CF-123 and IDE-CF-A819C became
more sensitive to the treatments with H,O, and GSNO when
compared to IDE-WT. This again suggests the existence of
a possible protective role of cysteine residues in the domains
1, 2, and 3 among which 12 are highly conserved in
mammals (Figure S2, Supporting Information). Such cys-
teine(s) may merely serve as stoichiometric scavengers to
prevent the modification of C819 by NEM, H,0,, and GSNO.

Alternatively, the modification of this residue may allosteri-
cally alter IDE structure to prevent the post-translational
modification of C819 and/or structural changes mediated by
C819 modification. The molecular basis for this potential
protective role warrants further investigation.

DISCUSSION

Our proteomic and kinetic analyses show that IDE may
participate in the catabolism of kinins. Using purified
recombinant protein, we show that human IDE is able to
degrade both bradykinin and kallidin and that the major
cleavage site is located between the C-terminal residues Pro’-
Phe? in bradykinin and Pro®-Phe® in kallidin. This cleavage
site is the same as seen for other metalloproteases, including
ACE, NEP, and ECE-1 (517). Cleaved products of bradykinin
and/or kallidin result in the inactivation of kinin-mediated
signaling. The physiological relevance for the cleavage of
kinins by IDE remains to be established. Our kinetic analyses
reveal that IDE has a low affinity for the kinins (2—7 mM).

IDE is a ubiquitously expressed metalloprotease that can
be found in many cellular compartments including cytoplasm,
endosomes, cell surface, and extracellular milieu. The low
affinity of IDE to bradykinin will not favor the binding and
degradation of kinins on the cell surface or in the extracellular
milieu. However, the local concentration of bradykinin
released from the internalized bradykinin receptors will likely
be high enough to favor its degradation by IDE (58). While
IDE may negatively regulate kinin signaling, kinin signaling
could inhibit IDE as well since bradykinin signaling can lead
to elevated NO production (59), which could, in turn,
modulate IDE activity via S-nitrosylation as the one presented
in this study.
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FIGURE 6: Structural analysis of the area around IDE cysteine 819. (A-Left) Cartoon representation of IDE highlighting the position of Cys
819 and Cys 812 (cyan balls and sticks), residues involved in substrate binding (red sticks), and the catalytic site (magenta sphere and gray
sticks). IDE-N and IDE-C are depicted as blue and green cartoons, respectively. The 28-aa loop joining IDE-N and IDE-C is shown as a
pink ribbon. (A-Right) Close-up view of the Cys 812-Cys819 and active site regions, after a rotation of 180° around the y-axis. Cys 812
and Cys 819 are shown as ball and sticks, and their relative distance and the distance to the active site are shown as black dashes. Interactions
between residues F820, R824, Y831, and Af3—4 from PDB ID 2G47 (13) are shown as red dashes. The position of the buried Cys 110
close to the active site is also shown. (B-Left) View of the secondary structures in the vicinity of residue Cys 819 (approximately the same
orientation as in A-Right). Residues and secondary structures depicted as in panel A. Location of other cysteines (110, 178, 789, and 812)
not involved in inactivation of IDE is also shown as balls and sticks. (B-Right) Stereodiagram showing close-up view of the hydrophobic

local environment around the side-chain of Cys 819. Hydrophobic residues are depicted as yellow sticks. See text for details.

The bradykinin-bound IDE structure adds another level
of complexity in the substrate binding and recognition
mechanisms of IDE. Our previous structural analysis of
substrate-bound IDE reveals that IDE uses an exosite to
anchor the N-terminal end of its substrates 30 A away from
the catalytic site, which allow multiple cleavages of substrate
by IDE via a stochastic process (4, 13). In our bradykinin-
bound IDE structure, we only observed the binding of
bradykinin at the exosite, not at the catalytic site. This is
consistent with a low binding affinity as reflected by the high
K., values of IDE toward bradykinin and kallidin observed
from our kinetic analyses. The cleavage site of the exosite-
bound bradykinin molecule, as observed in our crystal
structure, cannot reach the catalytic site of IDE. Thus, a
second bradykinin molecule needs to gain access into the
catalytic chamber for the degradation. Our data therefore
suggest that the binding of bradykinin or other short peptides
to the exosite could play a regulatory role in substrate binding
and subsequent cleavage by IDE. For example, short peptides
could reduce the size of the catalytic chamber of IDE, and
this may enhance the substrate binding and cleavage by
reducing the entropy of short peptides in the chamber.
Consistent with this notion, bradykinin is shown to be an

activator of IDE (/6). Alternatively, it could reduce the
cleavage by interfering with substrate binding.

At first glance, it is not apparent why the discovery of
very low affinity substrates for IDE should be of interest at
all, since their physiological significance can be dubious.
However, since IDE is an enzyme capable of cleaving a large
variety of substrates including peptides such as insulin and
amyloid-f3, it is critical to understand the important features
that contribute to the substrate recognition, binding, and
degradation. This may provide the knowledge basis for the
design of selective inhibiting or activating molecules that
may modulate the function of IDE. Our IDE structures have
now provided insights that clarify biochemically how IDE
bind and cleave short and long peptide substrates (4, 12, 13).
According to our findings, peptides that fail to bind the
catalytic site and the exosite simultaneously will have a
higher K., with respect to longer peptide substrates that can
instead bind to the catalytic site and exosite simultaneously.
For example, K, values of IDE for kinins range between 4
and 7 mM, while that of insulin, which has been shown to
bind to both the catalytic site and the exosite simultaneously,
is about 5 orders of magnitude lower (100 nM). Thus our
studies have revealed a novel contributor to the substrate
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specificity of IDE: in addition to the shape of the substrate
and its charge complementarity with the catalytic chamber
of IDE, a further contribution to the affinity comes from the
substrates’ ability to bind at the exosite of IDE.

IDE also exhibits a high rate of catalysis toward short
peptides, up to 2500 s~! for kinins in this study. This is in
sharp contrast with the catalytic rate of IDE for insulin
(approximately 0.5 min~") (/8). Our structural and biochemi-
cal analyses reveal that the closed conformation of IDE is a
stable state and that the switch between the closed and open
states of IDE is a key regulatory step (4, 12, 13). Further-
more, the conformational switch is required in order to
accommodate substrates into the catalytic cleft. Thus, the
ability to gain access to the catalytic chamber and the intrinsic
flexibility of peptide substrates are key factors that affect
the catalytic rate of IDE. It is therefore realistic to postulate
that short peptides are favored to enter into a partially opened
catalytic chamber of IDE during the required conformational
switch to reach the catalytic site, accounting therefore for
the resulting high rate of catalysis.

In addition to the previously reported inhibition of IDE
by S-alkylation and oxidation, we report for the first time
that IDE can also be significantly inhibited by S-nitrosylation,
a novel thiol-directed post-translational modification of IDE,
at physiologically relevant concentrations. We pinpoint Cys
819 of human IDE as playing a key role in all three
modifications. Cys 819 is located inside the catalytic chamber
and is ~18 A away from the catalytic zinc ion (Figure 6A).
The sulthydryl group of Cys 819 is pointing toward a
hydrophobic pocket made of two phenylalanines (F848 and
F866) and two leucines (L.823 and L.846) (Figure 6B). This
pocket, with a high local hydrophobicity, is a favorable
S-nitrosylation site since it would sequester and stabilize
radical species as well as impede hydrolysis of SNO to a
sulfenic acid (37). Cys 819 is located on an o-helix that
participates in shaping the walls of the catalytic cavity of
IDE (Figure 6A, 6B). This helix is positioned laterally to a
five-stranded f-sheet which is crucial for the insertion of
p-strand of substrates into the catalytic site (/3). Specifically,
Cys 819 is near three residues (Phe 820, Arg 824, Tyr 831)
that are known to play key roles in substrate binding and
catalysis (/3). Tyr 831 directly participates in substrate
binding (Figure 6A); while the mutation Y831F does not
impair the catalytic activity, the mutation Y831A results in
a 5-fold decrease of activity (/3). Moreover, to confirm the
role of Tyr831 in stabilizing IDE—substrate interaction, the
mutant Y831F was successfully crystallized and its structure
solved in a substrate-free conformation (/2). Arg 824 is
positioned as a good candidate for stabilizing the developing
negative charge on the carbonyl group of the scissile bond
of the substrate, after the nucleophilic attack mediated by
the catalytic water molecule. Accordingly, the mutation
R824K is less detrimental for the catalytic activity than the
mutation R824 A (/3). Finally, Phe 820 contributes to create
a hydrophobic region that could also facilitate the binding
of substrates in the active site (Figure 6A). This region is
also part of the interface between the N- and C-domains of
IDE, near the o-helix where the zinc-coordinating Glu189
is located (Figure 6A and 6B). Interestingly, with the case
of physiologically relevant modifications (oxidation and
S-nitrosylation), Cys 819 is not the only cysteine that has a
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role in the oxidation process of IDE as demonstrated in
Figure 5. This is a subject that is currently under investigation.

The tight fit of the side chain of Cys 819 into the
hydrophobic pocket provides a model of how the S-alkylation
by NEM, oxidation by H,O,, and S-nitrosylation by GSNO
can potently inactivate the catalytic activity of IDE toward
substrates mimicking both AS and bradykinin. All three
modifications could lead to a local structural perturbation of
the hydrophobic pocket, which, in turn, could disturb the
network of interactions required for the substrate binding as
well as the residues crucial for zinc binding, thus catalysis.
Consistent with this hypothesis, the S-alkylation of IDE by
NEM inhibits the enzymatic activity in a noncompetitive
manner (50). Furthermore, the S-nitrosylation is known to
induce substantial local conformational change exemplified
by the S-nitrosylation of Cys-10 of blackfin tuna myoglobin
(60). The molecular details of the inhibitory mechanism of
IDE by Cys-819-directed post-translational modification
await future structural studies.
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Multiple sequence alignment between IDE from different
species (Figure S1), detail of multiple sequence alignment
between IDE from different species showing conservation
of cysteine residues only (Figure S2), electron density map
of the final refined model IDE+BK in front of the active site
region (Figure S3), NEM-inhibition assay on partially
purified mutants (Figure S4), SDS-PAGE electrophoresis for
selected samples purified by small-scale protocol (Figure S5).
This material is available free of charge via the Internet at
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