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ABSTRACT: In this study, interactions of the two full-length Alzheimer amyloid S peptides (AS40 and AS42)
with the fully active form of insulin degrading enzyme (IDE) through unrestrained, all-atom MD simulations
have been investigated. This enzyme is a Zn-containing metallopeptidase that catalyzes the degradation of the
monomeric forms of these peptides, and this process is critical for preventing the progression of Alzheimer’s
disease (AD). The available X-ray structures of the free and small fragment-bound (Aspl—Glu3 and
Lys16—Asp23 of AB40 and Aspl—Glu3 and Lys16—Glu22 of Ap42) mutated forms of IDE and NMR
structures of the full-length AB40 and AfS42 have been used to build the starting structures for these
simulations. The most representative structures derived from the Ap40—IDE and Ap42—IDE simulations
accurately reproduced the locations of the active site Zn*" metal and small fragments of the substrates and
their interactions with the enzyme from the X-ray structures. The remaining fragments of both the substrates
were found to interact with IDE through several hydrogen bonding, 7—x, CH—o, and NH—u interactions. In
comparison to AB40, Ap42 is more flexible and interacts through a smaller number (17—22) of hydrogen
bonds in the catalytic chamber of IDE. Both the substrates adopted more S-sheet character in the IDE
environment, an observation that is in line with experiments. Their structural characteristics inside IDE are
significantly different than the ones observed in aqueous solution. The atomistic level details provided by
these simulations can help in the elucidation of binding and degrading mechanisms of the A peptides by IDE.
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Insulin degrading enzyme (IDE)" is an ~110 kDa Zn>"-contain-
ing metallopeptidase found in bacteria, plants, and humans (/). This
enzyme is known to degrade monomeric forms of a wide variety of
critical peptides such as insulin, amyloid 5 (Af), amylin, and
glucagon (2—35). All these substrates of IDE are highly diverse in
their amino acid sequence and structure but share a common
feature; they are amyloidogenic in nature (3, 6—8). Among these
substrates, the Af peptide has been reported to be the major
component of plaques that are observed in the brains of patients
affected with Alzheimer’s disease (AD) (9—11). The two predomi-
nant forms of 40- and 42-amino acid residue Af peptides produced
in vivo are A40 and AB42, respectively, but only the latter has been
shown to be a major component (ca. 90%) of the amyloid
plaques (12—15). Accumulating evidence from rodent models and
human genetic analysis indicate that IDE activity is critical in deter-
mining the level of Af (16—19). The enhanced IDE activity in IDE
and amyloid precursor protein (APP) double transgenic mice
decreased their AS level and prevented the formation of AD patho-
logy (18). Therefore, there is a great deal of interest in developing
activators of this enzyme for the treatment of AD (20—22).

The X-ray structures of the free and substrate-bound (A340
and AB42) human IDE enzymes have been resolved at 2.8 A
(PDB entry 2JG4), 2.1 A (PDB entry 2G47), and 2.59 A (PDB
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entry 2WK?3) resolution, respectively (7, 23, 24). This enzyme is
composed of four homologous domains that are 15—24% similar
in sequence. These domains in turn form two functional N- and
C-terminal domains (IDE-N and IDE-C, respectively) that are
joined by an extended 28-amino acid residue loop to create a large
triangular prism-shaped catalytic chamber (35 A x 34 A X
30 A with a height of 36 A) that can fit peptides smaller than
70 amino acid residues in length (6 kDa) (7, 23—27). The internal
cavity of IDE-N is largely negative or neutral, whereas IDE-C
contains a positive charge (7, 23, 25). The size and charge
distribution of this chamber play important roles in the recogni-
tion and binding of substrates. IDE-C facilitates substrate
binding, whereas peptide hydrolysis occurs at the active site
located in IDE-N (23—25, 28). At the active site, the Zn>" metal
ion is coordinated to the two histidine residues (His108 and
His112) and a glutamate residue (Glu189) (Figure 1a). This site
consists of the His-aa-aa-Glu-His (HXXEH) sequence that is the
reverse of the classical Zn binding site (HEXXH) observed for the
other members of this family such as thermolysin (TLN) (7, 23,
29-32). IDE undergoes a conformational switch from a closed
state to an open state to allow the substrates into its catalytic
chamber. Inside the chamber, the enzyme contains a conserved
substrate binding exosite that is ~30 A from the active site
(7, 25—27). The interactions of the N-terminal residues of
substrates with the exosite binding site of the enzyme have been
experimentally proposed to facilitate the necessary conforma-
tional changes in the substrates inside the chamber for their
effective degradation (7, 23, 25—27).

It is noteworthy that in both substrate-bound (Ap40 and
Ap42) X-ray structures of IDE (PDB entries 2G47 and 2WK3,
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FiGure 1: (a) X-ray structure of the active site of IDE. (b) Interactions of A40 with the exosite of IDE in the X-ray structure of the IDE—A 40
complex. (c) Interactions of the Phe19—Phe20 cleavage site of AB40 with IDE in the X-ray structure of the IDE—A£40 complex.

respectively), the active site Glulll is substituted with a Gln
residue (7, 24). In addition, the Zn*" ion is missing in the AB40-
bound structure (PDB entry 2G47) (7), and the Ap42-bound
structure (PDB entry 2WK3) belongs to the cysteine free enzyme
in which all the cysteine residues have been mutated (24). These
substitutions rendered the enzyme in the inactive form (7, 24).
Furthermore, of the 40 and 42 amino acid residues of Ap40 and
AS42, respectively, the X-ray structures consist of only two dis-
crete fragments of the substrates (Aspl—Glu3 and Lys16—Asp23
of Ap40 and Aspl—Glu3 and Lys16—Glu22 of AB42) that form
p-sheets with the 6 and 512 strands of IDE, respectively (7, 24).
In these structures, the N-terminal Aspl—Glu3 segments of both
the peptides interact through hydrogen bonds with the exosite
residues (Gly339, Glu341, Leu359, Gly361, and GIn363) of IDE
(Figure 1b) (7, 24). The backbone amide group of Aspl forms
hydrogen bonds with the side chain of Glu341 and the backbone
carbonyl groups of the Gly339 and Leu359 residues of IDE. In
addition, the side chain and the amide backbone of Glu3 were
found to make polar interactions with the side chain of GIn363
and backbone carbonyl oxygen atom of Gly361. On the other
hand, the larger fragment (Lys16—Asp23 of Ap40 and Lys16—
Glu22 of Af42) contains the Phe19—Phe20 hydrolytic cleavage
site of the substrates (7, 24, 25). The Phel9 residue of this site
interacts with the aromatic ring of Phe141 through 77— stacking,
and its carbonyl oxygen atom forms a hydrogen bond with
Tyr831 of IDE-C. The backbone amide group of Phe20 forms a
hydrogen bond with Alal40 (Figure Ic). In addition, Arg824 of
IDE-C forms two hydrogen bonds with the backbone of Phe20
(Figure Ic). These interactions may be instrumental in position-
ing the Phel9—Phe20 cleavage site adjacent to the Zn®" metal
center of IDE for hydrolysis (7, 24). It is worth mentioning that
the secondary structures and interactions of the remaining
fragments (Phe4—GInl5 and Val24—Vald0) of AS40 and
(Phe4—GIn15 and Val24—Ala42) of Ap42 inside IDE have not
been experimentally determined (7, 24).

The elucidation of the binding and degradation mechanisms of
the Af peptides by IDE requires the atomistic level under-
standing of the spatial occupancy of the full-length substrates

and their interactions inside the catalytic chamber of the enzyme.
To accomplish this, in this study the interactions of IDE with two
Alzheimer full-length peptides (Ap40 and AS42) through unrest-
rained, all-atom MD simulations in aqueous solution have been
investigated. The free (PDB entry 2JG4) and AB40- and Ap42-
bound (PDB entries 2G47 and 2WK 3, respectively) X-ray struc-
tures of IDE and NMR structures of full-length A540 (PDB
entry IAML) and Af42 (PDB entry 11YT) have been utilized to
build the starting models for these simulations. The starting
structures for the MD simulations in this study incorporate the
active form of the enzyme, including the Zn>" metal center,
Glulll, all cysteine residues, and the full-length AS40 and Ap42
substrates. The results gleaned from these simulations will
provide a deeper understanding of conformations of full-length
AB40 and Ap42 inside the catalytic chamber of IDE and their
interactions with the active form of the enzyme.

COMPUTATIONAL PROCEDURE

Structural Modeling. The initial coordinates for the IDE—
Ap40 and IDE—ApB42 complexes were taken from their X-ray
structures (PDB entries 2G47 and 2WK3, respectively), and only
the structure of the former is shown in Figure 2a (7). In this figure,
the active site and both fragments (Aspl—Glu3 and Lys16—Asp23)
are projected out. In the starting structure for the IDE—AS40 MD
simulation, on the basis of its location in the X-ray structure of the
IDE—Ap42 complex (PDB entry 2WK 3) (24), the missing Zn> " ion
is placed in the active site (Figure 2b). The GInl11 residue is also
substituted with the catalytically active glutamate residue that
functions as a base in the hydrolysis mechanism (7, 33—35). This
substitution accompanied by the presence of the Zn>" ion converts
the enzyme into the catalytically active form. In this form, the Zn>"
metal center is directly coordinated to His108, His112, and Glu189
residues, and the fourth vacant site is occupied by a water molecule
(not shown in the figure) that is activated for the hydrolysis of a
peptide bond. Since all the cysteine residues are mutated in the
Ap42-bound X-ray structure of IDE (PDB entry 2WK3) (24), only
the active site—substrate interactions were taken from this structure
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FIGURE 2: (a) X-ray structure of the IDE—A340 complex. (b) Start-
ing structure of the IDE—AS40 complex used in MD simulations.

and the coordinates of IDE extracted from the Ap40-bound
structure (PDB entry 2G47) (7). The initial coordinates of the
full-length AB40 and Ap42 peptides were obtained from the NMR
structures [PDB entries IAML for AB40 (36) and 11YT for
Ap42 (37)]. This structure (PDB entry 1AML) of AB40 was also
used in characterizing the X-ray structure of the IDE—Ap40
complex (7), while the NMR structure of Ap42 (PDB entry 11YT)
obtained in the 80:20 (v/v) HFIP/H,O mixture has been utilized as a
starting point in several MD simulations (38—40). Recently,
another NMR structure of this peptide (PDB entry 1Z0Q) has
been determined in a 30:70 (v/v) HFIP/H,O solution (4/). An
analysis of these two NMR structures of Af342 indicates that, except
at the C-terminus, both of them are quite similar (Figure 1 in the
Supporting Information).

The models for the IDE—AS40 and IDE—A[42 complexes for
the MD simulations were generated in a multistep process. In the
first step, the NMR structures of both full-length A$40 and Ap42
substrates were docked inside the catalytic chamber of IDE. In
the docking process, the spatial occupancy and interactions of
Aspl—Glu3 and Lys16—Asp23 of Ap40 and Aspl—Glu3 and
Lys16—Glu22 of Ap42 fragments of the substrates with the
enzyme were retained from the corresponding X-ray structures
(PDB entries 2G47 and 2WK3 for A40 and Ap42, respectively).
In the second step, only the remaining segments of the substrates
were energy minimized by keeping the entire enzyme and both
fragments of the substrates from the X-ray structures of the
IDE—Ap40 and IDE—Ap42 complexes fixed. The minimized
structures were then used as the starting structures for MD
simulations that were performed in two phases. In this first 5 ns
long equilibration phase, the entire system was equilibrated by
constraining only the catalytic center of the IDE enzyme and
both segments of the substrate from the X-ray structures. These
constraints retained the interactions of the substrate with the
active site and exosite during equilibration. The structures
obtained at the end of the 5 ns equilibration phase were
subsequently used as the initial structure for the next 20 ns long
phase known as the production phase. In the production phase
of simulations, no geometrical constraints were imposed. To
observe the influence of the aqueous medium that is substantially
different from the IDE environment on the secondary structural
features of AB40 and AB42, separate 20 ns MD simulations were
also performed on the NMR structures of these peptides (PDB
entries IAML and 11YT, respectively) in aqueous solution.

Computational Details. All MD simulations were per-
formed using GROMACS (42, 43) with GROMOS force field
53A5 (44). The initial structures of the IDE—Ap40 and
IDE—Ap42 complexes were placed in the center of a periodic
box with dimensions of 8.6 nm x 8.2 nm x 8.2 nm that extended
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14 A from these complexes on each side. These boundaries
eliminate unwanted effects from the applied periodic boundary
conditions (PBC). In addition, sodium and chloride ions were
randomly placed to neutralize the system under study. The
enzyme—substrate models contain ca. 16500 atoms that are
solvated by approximately 30000 simple point charge (SPC)
water molecules (45), i.e., 106500 atoms in total. Nonpolar
hydrogen atoms in these models are treated implicitly using the
united atom approach, where they are collapsed into the con-
nected heavy atom.

The initial structures were further energy minimized with the
steepest descent method for 3000 steps by releasing all the
constraints. All the 20 ns production phase MD simulations
were conducted with a constant number of particles (N), pressure
(P), and temperature (7), i.c., NPT ensemble. The SETTLE
algorithm was used to constrain the bond length and angle of the
water molecules (46), while the LINCS algorithm was utilized to
constrain the bond length of the enzyme (47). Particle mesh
Ewald (PME) was employed to include the contributions of long-
range interactions (48, 49). A constant pressure of 1 bar was
applied with a coupling constant of 1.0 ps; the peptide, water
molecules, ions, and the zinc metal ion are coupled separately to a
bath at 300 K with a coupling constant of 0.1 ps.

The trajectories are computed for each model with a time step
of 2 fs, and the data are saved every 500 steps for analysis. The
ionizable residues are set to their normal ionization states at pH 7.
The tools available in GROMACS are utilized to analyze the MD
trajectories. The contact maps and the most representative
structures obtained from the cluster analysis have been used
for the structural elucidation. In the contact maps, a contact for a
pair of amino acid side chains is considered to be formed when a
minimal distance between any pair of their atoms is less than
0.5 nm. The most representative structures are derived from the
cluster analysis, where the trajectories are analyzed by grouping
structurally similar frames [root-mean-square deviation (rmsd)
cutoff of 0.30 nm] (50), and the frame with the largest number of
neighbors is denoted as a middle structure that represents that
particular cluster. YASARA (57) was used for visualization and
for the preparation of the structural diagrams presented in this
study.

RESULTS AND DISCUSSION

In this study, 20 ns unrestrained MD simulations on the A540
and Ap42 substrates and their complexes with IDE (IDE—AS40
and IDE—A[42) have been performed in an aqueous solution.
The primary objective of this study is to elucidate the structures
and interactions of the full-length AB40 and AfB42 substrates
inside the catalytic chamber of IDE at the atomic level. The
binding of A40 and Ap42 to the chamber was not found to alter
the overall structure of the enzyme in the simulations. The rmsd
values of the backbone o-carbon atoms from the simula-
tions clearly indicate that both enzyme—substrate complexes
(Figure 3a) and the individual substrates inside IDE (Figure 3b)
attained stable conformations only after 6 ns simulations. In the
thermodynamically equilibrated region, no trajectories exhibit
significant changes and the overall rmsd’s remain below 0.30 nm.

IDE—Af40 Interactions. A superposition of the conforma-
tion of full-length ABS40 derived from the most representative
structure of the IDE—Af40 simulation with the Aspl—Glu3 and
Lys16—Asp23 fragment-containing X-ray structure (PDB entry
2G47) is shown in Figure 4a. This structure explicitly shows that
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FIGURE 3: (a) rmsd’s of the IDE—AS40 and IDE—Ap42 trajectories plotted vs time. (b) rmsd’s of Ap40 and Ap42 derived from the IDE—AB40
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FiGURE 4: (a) Superposition of the conformation of AB40 derived
from the most representative structure of the IDE—A 40 simulation
with the corresponding X-ray structure (yellow). (b) Superposition of
the conformation of the Zn*" metal center derived from the most
representative structure of the IDE—Af40 simulation with the
corresponding X-ray structure. (c) Time-dependent variation of the
number of hydrogen bonds between A$40 and IDE.

the locations of both fragments are accurately reproduced in the
MD simulations. A superposition between the X-ray and simulated
structures of the Zn>" metal center also validates the simulation
(Figure 4b). In this structure, similar to the X-ray structure, the
residues in the first coordination shell (His108, His112, and Glu189)
lie within bond forming distance of the Zn>" ion.

Throughout the simulation, A40 was found to interact with
the amino acid residues of the catalytic chamber of IDE via a
large number (25—30) of hydrogen bonds (Figure 4c). The MD
simulations indicate that the NMR structure of the Ap40
substrate undergoes significant secondary structural changes
and loses its initial helical character inside IDE. The snapshots
of the conformational transformations at 5, 10, 15, and 20 ns are
shown in Figure 5a. In the first 5 ns of the simulation, the
Aspl—Glu3 and Ser§—Glull segments of Ap40 adopt S-sheet
conformation, while the Ala30—Leu34 region attains an a-helix
character. We observed that interactions of the N-terminal
residues of the substrate with the enzyme remain conserved

and the Aspl—Glu3 region retains its initial S-sheet character
during the simulation (Figure 5a). However, the f-sheet and
o-helix structures of the Ser8—Glull and Ala30—Leu34 frag-
ments, respectively, are stable only for the first 6 ns; after that,
they transform into a random coil and loop structure, respec-
tively. The GInl5—Leul7 and Asn27—Gly29 segments were
found to interact through hydrogen bonds with each other and
form stable antiparallel intramolecular S-sheet structures after
12 ns of the simulation (Figure 5a). This conformation may be
stabilized by the interactions of the Glul1—Vall2 and Phel9—
Glu22 regions, which encompass the Glnl5—Leul7 fragment of
the substrate with IDE (Table 1). The His13—Gly25 and
Ile31—Val36 regions also transform from the initial o-helical
conformation (Figure 2 of the Supporting Information) to the
random coil and [-sheet structures, respectively, in the IDE
environment.

The contact map of AB40 from the most representative
structure of the Ap40—IDE simulation shows that it forms a
large number of intramolecular interactions particularly in the
Glul5—Phel9 and Ala21—Lys28 regions (Figure 5b). In the
X-ray structure of the IDE—Ap40 complex, the N-terminal resi-
dues (Asp1—Glu3) of AB40 are observed to form hydrogen bonds
with the exosite residues (Glu341, Gly339, Leu359, Gly361, and
GIn363) and the Phel9—Phe20 cleavage site interacts with
Alal40, Phel41, Arg824, and Tyr831 of IDE (Figure 1b.c) (7).
These interactions have been experimentally proposed to be
responsible for the orientation and folding of the substrate inside
IDE (7, 8, 24, 25, 27). All of them have also been observed in
the most representative structure derived from the IDE—ApB40
simulation using the full-length peptide (Figure 5c,d and Table 1).
During the simulation, the side chains of Aspl and Glu3 of
Af40 reorient in such a way that the carbonyl oxygen and the
side chain nitrogen atoms of Ala2 form a hydrogen bond with the
side chain nitrogen atom of Gly361 and the hydroxyl (OH) group
of Tyr609, respectively (Figure 5c). The movement of the side
chain of Glu3 also allows the carbonyl oxygen atom to establish
polar interactions with GIn363. These interactions at the exosite
stabilize the -sheet structure in the Aspl—Glu3 region of AS40.
The carbonyl (C=0) and amine (NH,) groups of the backbones
of GIn15 and Leul7 were observed to form hydrogen bonds with
the backbone amine and carbonyl groups of Gly29 and Asn27,
respectively. These interactions might be responsible for the
transformation of the GInl5—Leul7 and Asn27—Gly29 frag-
ments from random coil to f-sheet conformation (Figure 5a).
In addition, the carbonyl oxygen (C=0) of Phel9 was found
to coordinate to the Zn>" ion (Zn>*—0 distance of 2.03 A).
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FIGURE 5: (a) Snapshots of the secondary structure of AB40 inside the IDE chamber at 5, 10, 15, and 20 ns. (b) Contact map of AB40 inside the
IDE chamber. (c) Interactions of A40 with the exosite of IDE in the most representative structure obtained from the IDE—AS40 simulation.
(d) Interactions of the Phel9—Phe20 cleavage site of Ap40 with IDE in the most representative structure obtained from the IDE—ApB40

simulation.

This interaction has been reported to activate the scissile
Phe19—Phe20 peptide bond for hydrolysis (34).

In addition to the aforementioned specific interactions, the
MD simulations revealed several intermolecular hydrogen bond-
ing and hydrophobic interactions between the remaining AS40
peptide and IDE (Tables 1 and 2). The backbone carbonyl and
amine groups of the substrate are mainly involved in forming
hydrogen bonds with IDE. The Asp1—Vall2, Phel9—Glu22, and
Ile32—Vald0 regions of AB40 participate in the formation of
hydrogen bonds with IDE (Table 1). In particular, the C-terminal
Val36, Gly38, Val39, and Val40 residues of AB40 interact with
the Ser137, Ser137, Ser128, and Thr825 residues of IDE, respec-
tively. The Phe4 and Tyr10 residues of the substrate form 71—z
interactions with Tyr454 and Phe2l5 of IDE, respectively
(Table 2). Tyrl0 also coordinates through a CH—u interaction
with Phe370. These interactions may play key roles in the obser-
ved transformations in the initial secondary structure of Ap40
inside the IDE chamber.

The overall secondary structure of AB40 inside IDE was found
to be quite different from that in the aqueous environment. In
aqueous solution, the Glull1—Lysl6 and Glu22—Asn27 frag-
ments of this peptide adopt a-helical conformations, while the
rest of the peptide forms random coil and loop structures during
the 20 ns simulation (Figure 3 of the Supporting Information).
However, in marked contrast to its behavior in the aqueous
medium, AB40 completely loses its o-helical character after
simulation inside IDE for only 6 ns and forms f-sheet structures
in the Aspl—Glu3, Glnl5—Leul7, and Asn27—Gly29 regions.
These structural transformations might be critical for its degra-
dation by IDE.

IDE—A[342 Interactions. Because of the presence of the two
additional hydrophobic residues (Ile41 and Ala42) in Ap42, the
mode of interaction and the structural transformations for this
peptide inside IDE are markedly different from those observed

for the Af40 substrate. A superposition of the conformation of
full-length Ap42 derived from the most representative structure
of the IDE—Ap42 simulation with the X-ray structure (PDB
entry 2WK?3) is shown in Figure 6a. In this structure, the position
of the Aspl—Glu3 fragment deviates from that in the X-ray
structure, while that of the longer Lys16—Glu22 fragment is well
conserved. Similar to the IDE—Ap40 case, here the Zn>" metal
center was found to retain its position from the X-ray structure
(Figure 6b). In comparison to A40, Ap42 is more flexible inside
IDE and forms a smaller number (17—22) of intermolecular
hydrogen bons with IDE (Figure 6¢). However, in the C-terminal
region, this substrate forms more hydrogen bonds with IDE than
AB40. The contact map of the most representative structure
indicates that AB42 also generates fewer intramolecular interac-
tions inside IDE than AB40 (Figure 6d).

During the simulations, like Ap40, the mostly helical NMR
structure of Ap42, in Asp7—His14, Phe19—Ser26, and Lys28—
Gly38 regions (Figure 2 of the Supporting Information), goes
through substantial structural changes. The snapshots of the
transformation of AB42 inside the chamber for 5, 10, 15, and
20 ns are shown in Figure 7a. The Tyr10—GlInl5 fragment of this
peptide largely retains its a-helical character throughout the
simulation, whereas AB40 completely lost its o-helical character.
The overall percentage of the 5-sheet character in Af42 is lower
than that in AB40, but in the former, the Phe20—Ala21 region
exists in the f-sheet conformation. In Ap42, the Glnl5—Leul7
and Asn27—Gly29 regions adopt a random coil structure, while
they form an antiparallel 5-sheet in Ap40.

The hydrogen bonding interactions in the IDE—Ap42 com-
plex are also different from those in the IDE—Af40 case,
particularly at the N- and C-termini of the substrate. Because
of the large structural rearrangement and higher flexibility
of Ap42 inside IDE, the hydrogen bonding network between
the N-terminal residues of this peptide and the exosite residues is
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Table 1: List of Hydrogen Bonding Interactions between IDE and Substrates (AS40 and A(42)
AP40 (residue) atom IDE (residue) atom Ap42 (residue) atom IDE (residue) atom
Aspl N Gly339 (0) Aspl 0oD2 Glu341 N
N Glu34l OEl N Leu359 (0)
N Leu359 (0) ODl1 Tyr609 OH
(0) Gly361 N
Ala2 N Tyr609 OH Ala2 - - -
Glu3 (0} GIn363 N Glu3 - - -
N Gly361 (0]
Phe4 - - - Phe4 - - -
Arg5 NH2 Glu365 OEl Arg5 NHI1 Asn605 ODlI
N Tyr609 OH
NH2 Glu612 OEl
NH2 Tyr618 OH
His6 (0) GIn363 NE2 His6 - - -
NE2 Leud55 N
Asp7 0oD2 Tyrd44 OH Asp7 - - -
Ser8 (0] Gly366 N Ser§ oG Lys436 Nz
Gly9 - - - Gly9 - - -
Tyrl0 - - - Tyrl0 - = -
Glull OEl Ser96 oG Glull OEl Lys364 NZ
(0) Glul45 N OE2 Lys364 NZ
OE2 Lys206 NZ
Vall2 (0] Ser143 oG Vall2 - - -
Hisl3 - - - Hisl3 - - -
His14 - - - His14 - - -
GlInlS - - - GlInl5 OEl Trp199 NEI
Lysl6 Nz Asnl96 ODl1 Lysl6 - - -
(0) Asnl193 ND2
Leul? - - - Leul? (0] Asnl93 ND2
Vall8 - - - Vall8 - - -
Phel9 (0) Tyr831 OH Phel9 (0) Tyr831 OH
Phe20 N Alal40 (¢} Phe20 N Alal40 (¢}
(0) Arg824 NHI1, NH2 (0) Alal40 N
Ala2l 0} Asnl39 ND2 Ala2l N Asnl39 ODlI
N Asnl39 ODl1 - - -
Glu22 OEl Tyr831 OH Glu22 - - -
OEl Lys192 NZ
Asp23 - - - Asp23 ODI1 Ser835 N, OG
Val24 - - - Val24 - - -
Gly25 0} Lys192 NZ Gly25 - - -
Ser26 - - - Ser26 - - -
Asn27 = - - Asn27 - - -
Lys28 - - - Lys28 - - -
Gly29 - - - Gly29 - - -
Ala30 - - - Ala30 - - -
Ile31 - - - Ile31 - - -
Ile32 (0) Argd29 NE, NH2 1le32 - - -
Gly33 - - - Gly33 - - -
Leu34 (0) Argd3l NHI Leu34 (0) Asnl39 ND2
Met35 - - - Met35 SD Arg824 NH2
(0) Asnl39 ND2
Val36 (0} Ser137 oG Val36 - - -
Gly37 - - - Gly37 (0] Ser138 N
Gly38 N Ser137 oG Gly38 (6] GIn813 NE2
Val39 (0) Ser128 oG Val39 - - -
Val40 012 Thr825 0Gl1 Val40 N GIn813 OEl
OT1 Ser128 oG
OT1 Asn821 ND2
Tled1 (0] Arg839 NHI
Ala42 - - -

disrupted. This disruption facilitates the formation of the random
coil structure in the Aspl—Glu3 fragment of A542. In contrast,
this region exists in the S-sheet conformation in AB40. The side
chain oxygen atom of Aspl (OD1) forms a hydrogen bond with
Tyr609 of IDE (Figure 7b). At the exosite, the backbone amide
group of the former interacts with the carbonyl oxygen atom of

Leu359, while the side chain oxygen (OD2) forms a hydrogen
bond with the backbone amide of Glu341. However, the Phe4
residue of AB42 coordinates through sm—s interactions with
His336, while it interacts with the Tyr454 residue in AS40. In
addition, this residue makes CH—ux interactions with both
His332 and Tyr609. Unlike Tyr10 of ApB40, here this residue
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Table 2: List of 7—s, CH—, and NH—u Interactions between IDE and Substrates (A40 and Ap42)

AP40 (residue) IDE (residue) interaction Ap42 (residue) IDE (residue) interaction
Phe4 Tyr454 T—7 Phe4 His336 n—m
Tyrl0 Phe215 =1 Tyr609 n—m

Phe370 CH-n His332 CH-n
Phel9 Phel41 CH-n His13 Arg431 NH-n
Phe20 Phell5 =7 Lysl6 Phe202 NH-7
Phel9 Phel41 CH-n
His108
Glu188

1
10
Time (ns)

(c)

His112
(b)

apaz

Residue Index
¥

3 E 1" L L] -

» B
Residue Index
0 Distance {nm) 0%

(d)

FIGURE 6: (a) Superposition of the conformation of Af42 derived from the most representative structure of the IDE—Af42 simulation with the
corresponding X-ray structure (yellow). (b) Superposition of the conformation of the Zn>* metal center derived from the most representative
structure of the IDE—A42 complex with the corresponding X-ray structure. (c) Time-dependent variation of the number of hydrogen bonds
between Af42 and IDE. (d) Contact map of AB42 inside the IDE chamber.

does not interact with IDE. His13 and Lys16 of Ap42 associate
with Arg431 and Phe202 of IDE, respectively, through NH—x
hydrogen bonds. Similar to the Ap40 substrate, Phel9 of the
Phe19—Phe20 cleavage site of AB40 interacts through the CH—x
interaction with Phel41. However, the interaction of the carbo-
nyl oxygen of Phe20 with Arg824 of IDE is disrupted because of
the reorientation of its backbone atoms and leads to the forma-
tion of an additional hydrogen bond with Alal40 (Figure 7c).
This slight reorganization in the bonding environment does
not alter the spatial occupancy of the scissile Phe19—Phe20 pep-
tide bond, and it is still accessible to the Zn>" metal center for
hydrolysis. The atomistic level details provided by the simula-
tions elucidate the roles of the active site residues in the positio-
ning and stabilizing of the Phel9—Phe20 cleavage site of the
AB40 and ApB42 substrates. For instance, Ala40, Tyr831, and
Arg824 are involved in placing the scissile peptide bond adjacent

to the Zn>" metal center, and Glul82 and Thr220 stabilize the
metal center by forming hydrogen bonds with the His112 and
His108 ligands of the Zn®" ion. This information can also be
utilized in building models for mechanistic studies using the
quantum mechanics/molecular mechanics (QM/MM) approach.
In addition to the hydrogen bonds observed in the X-ray
structure, the rest of the peptide associates through several
hydrogen bonds with IDE (Table 1). For instance, the C-terminal
residues Gly37, Gly38, Vald0, and Ile41 of AB42 form hydrogen
bonds with Ser138, GIn813, and Arg839 of IDE.

These results explicitly show that, in contrast to the IDE—
Ap40 complex, the hydrogen bonding network at the exosite of
IDE is not well conserved in the IDE—ApB42 complex.

Similar to the Ap40 peptide, the overall secondary structure of
ApP42 inside IDE was also found to be different than in the
aqueous environment. In aqueous solution, the o-helical character
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FiGURE 7: (a) Snapshots of the secondary structure of AfB42 inside the IDE chamber at 5, 10, 15, and 20 ns. (b) Interactions of A542 with the
exosite of IDE in the most representative structure obtained from the IDE—A342 simulation. (c) Interactions of the Phe19—Phe20 cleavage site of
Ap42 with IDE in the most representative structure obtained from the IDE—Af42 simulation.

of the peptide is significantly reduced and the Leu34—Val36 and
Val39—Ile41 regions are transformed into the 5-sheet form. In this
medium, only the GIn15—Vall8 and Ala21—Gly25 fragments
exist in a-helical form and the remaining fragments adopt a
random coil conformation. On the other hand, inside IDE, the
Tyr10—GInl5 and Phe20—Ala21 regions form o-helix and 3-sheet
structures, respectively, and the remaining peptide exists in ran-
dom coil and loop structures.

In the presence of the Tle41—Ala42 dipeptide, the hydrophobicity
of Ap42 is increased and, because of the differences in the intra- and
intermolecular interactions, it folds in a manner quite different from
that of AB40 in diverse environments. The starting NMR structures
of Ap40 and Ap42 used in the simulations (Figure 1 of the Suppor-
ting Information) and their equilibrated structures in aqueous
solution (Figure 2 of the Supporting Information) adopt substan-
tially different conformations. Furthermore, the most representative
structures derived from the MD simulations show that their struc-
tures inside IDE are also very different from each other (Figures 4a
and 6a). Because of the differences in its structure and intramole-
cular interactions, AB42 interacts with IDE in a manner signifi-
cantly different from that of Af40.

SUMMARY AND CONCLUSIONS

In this study, the interactions of the two full-length Alzheimer
amyloid /5 peptides (Ap40 and AS42) with IDE through unrest-
rained, all-atom MD simulations in aqueous solution have been
investigated. The available X-ray structures of the free (PDB
entry 2JG4) and small fragments of Ap40- and Af42-bound
(PDB entries 2G47 and 2WK3, respectively) mutated forms of
IDE and NMR structures of full-length AS40 (PDB entry
1AML) and Ap42 (PDB entry 11YT) have been used to develop
the starting structures for the simulations. The most representa-
tive structures derived from the AB40—IDE and Ap42—IDE
simulations accurately reproduced the spatial occupancies of the

active site Zn’>" metal and small fragments of the substrates
(Asp1—Glu3 and Lys16—Asp23 of Ap40 and Aspl—Glu3 and
Lys16—Glu22 of Ap42). Moreover, all the interactions of these
fragments with IDE observed in the X-ray structure were
retained in the MD simulations. The remaining regions of both
the substrates that were missing in the X-ray structures were
found to form several hydrogen bonding, 7—m, CH—x, and
NH—x interactions with IDE. In comparison to the 25—30
hydrogen bonds formed by Ap40, Ap42 was observed to be
more flexible and interact through a smaller number (17—22) of
hydrogen bonds with IDE. From their starting structures, both
AB40 and Ap42 were found to adopt more ff-sheet character in
the IDE environment. This observation is in line with the
experimental suggestion that inside IDE these substrates adopt
p-sheet conformations that facilitate their degradation by the
enzyme. These structural characteristics are significantly different
from the ones these peptides adopt in an aqueous solution.
Although the canonical ensemble sampling performed in this
study correctly reproduced the structural features from the X-ray
structures, the prediction of the free energy can be further
improved by the application of the recently developed orthogonal
space random walk method (52). This method synchronizes the
order parameter move and conformational relaxation by over-
coming the “Hamiltonian” lagging observed with conventional
canonical ensemble sampling.

The results reported in this study provide atomistic level details
of conformations and interactions of full-length AB40 and Ap42
inside the catalytic chamber of IDE and will help to elucidate the
binding and degradation mechanisms of these critical peptides by
this enzyme.
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SUPPORTING INFORMATION AVAILABLE

Superposition of the two NMR structures (PDB entries 11YT

and 1Z0Q) of Ap42 (Figure 1), initial NMR structures of A340
(PDBentry IAML) and Af42 (PDB entry 11YT) (Figure 2), and
most representative structures of AS40 (PDB entry 1AML) and
AB42 (PDB entry 11YT) derived from a 20 ns simulation in an
aqueous medium (Figure 3). This material is available free of
charge via the Internet at http://pubs.acs.org.
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