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Aspartyl proteases constitute a ubiquitous family of enzymes
that is present in vertebrates, fungi, plants, and retrovi-

ruses.1�4 On the basis of their structural characteristics, these
enzymes are divided into the following two classes: (I) pepsin-
like (renin, cathepsin D, chymosin, and memapsin 2 or beta
secretase, etc.) and (II) retroviral (HIV protease and malaria
protease).5,6 Despite the structural differences, the pepsin-like
and retroviral protease families are evolutionary related, and
almost all their members contain a catalytic Asp dyad at the active
site covered over by an antiparallel hairpin loop known as flap.7,8

During the catalytic cycle, the flap must open to allow the
entrance of the substrate into the active site cleft and steer it
toward the catalytic Asp dyad to attain a reactive conformation.
In this conformation the specific peptide bond(s) of the substrate
is hydrolytically cleaved.

In the pepsin-like aspartic proteases, mechanisms of flap
closing and catalysis are of great significance due to their involve-
ment in human diseases such as Alzheimer’s disease (AD).9 AD is
characterized by the deposition of extracellular plaques inside the
brain.10 The major components of these plaques are 40�42
amino acid residues containing amyloid beta peptides (Aβ40 or
Aβ42).11�13 β-Secretase (BACE1) catalyzes the rate-limiting
step of the Aβ generation by cleaving the Met671�Asp672

peptide bond of APP (isoform 770, identifier P050677) at the
extracellular space.11,14,15 On the basis of a number of seminal
in vivo and in vitro studies, this enzyme has been proposed as a very
promising target for the treatment of AD.16,17 The inhibition of
BACE1 can be used to titrate Aβ down to levels that will not
support plaque formation.18,19

To achieve this goal a large number of X-ray structures (ca. 100)
of the apo and inhibitor (transition state mimic hydroxyethylene-
based peptidic (OM00-3 and OM99-2) and non-peptidic (SC6))
bound forms of BACE1 have been resolved.20�24 These X-ray
structures show that the N-terminal domain of BACE1 that is
responsible for the catalytic activity exhibits 30% sequence identity
to othermembers of this family such as pepsin, renin, and cathepsin
D and possesses a common fold. The flap of this enzyme, which is
the most relevant for drug designing, is formed by a N-terminal, 11
residue long fragment (Val67-Glu77) (Figure 1). The conserved
Tyr71 residue of the flap form hydrogen bonds with the P1 and P20
residues of APP (WT-substrate) and adopts different rotameric
orientations to facilitate the movement of the flap (where P1, P2, ...
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ABSTRACT: In this combinedMD simulation and DFT study,
interactions of the wild-type (WT) amyloid precursor protein
(APP) and its Swedish variant (SW), Lys670 f Asn and
Met671 f Leu, with the beta-secretase (BACE1) enzyme
and their cleavage mechanisms have been investigated. BACE1
catalyzes the rate-limiting step in the generation of 40�42
amino acid long Alzheimer amyloid beta (Aβ) peptides. All key
structural parameters such as position of the flap, volume of the
active site, electrostatic binding energy, structures, and positions
of the inserts A, D, and F and 10s loop obtained from the MD
simulations show that, in comparison to theWT-substrate, BACE1 exhibits greater affinity for the SW-substrate and orients it in amore
reactive conformation. The enzyme�substratemodels derived from theMD simulationswere further utilized to investigate the general
acid/base mechanism used by BACE1 to hydrolytically cleave these substrates. This mechanism proceeds through the following two
steps: (1) formation of the gem-diol intermediate and (2) cleavage of the peptide bond. For the WT-substrate, the overall barrier of
22.4 kcal/mol for formation of the gem-diol intermediate is 3.3 kcal/mol higher than for the SW-substrate (19.1 kcal/mol). This
process is found to be the rate-limiting in the entire mechanism. The computed barrier is in agreement with the measured barrier of ca.
18.00 kcal/mol for theWT-substrate and supports the experimental observation that the cleavage of the SW-substrate is 60 timesmore
efficient than the WT-substrate.
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and P10, P20, ... consecutively denote the amino acid residues that
flank theN andC-terminal of the substrate, respectively; Figure 2a).24

Another region of the enzyme known as the third strand
(Lys107-Gly117) interacts with both the flap and active site
through hydrogen bonds to stabilize the open or closed form of
BACE1.24 Several specific regions of the N-terminus [insert A
(Gly158-Leu167)] and C-terminus [insert B (Lys218-Asn221),
insert C (Ala251-Pro258), insert D (Trp270-Thr274), insert E
(Glu290-Ser295), and insert F (Asp311-Asp317)] also facilitate
the entry and binding of a substrate at the active site through their
movements (Figure 1).21 In addition, six N-terminal residues
(Lys9-Tyr14) create a region known as the 10s loop that is
located in the vicinity of insert A (Figure 1). In a previous

molecular dynamics (MD) simulations study on the inhibitor
(OM00-3) bound structure of BACE1, it was suggested that the
flexible motions of the inserts D and F allow substrate entry and
downward movements of inserts A and F make the active site
flatter and wider and help with its binding.25 These rearrange-
ments are accompanied by structural alterations in the 10s loop
and closing of the flap. A small number of conserved water
molecules (W1 and W2) have also been reported to play critical
roles in the catalytic functioning of BACE1.26 Andreeva et al.27

analyzed 82 cocrystal structures of aspartyl proteases and sug-
gested specific roles of these water molecules. The W1 water
molecule bridges the catalytic Asp dyad and is utilized in the
hydrolytic cleavage of the peptide bond. However, the second
water molecule (W2) participates in the H-bonding network to
stabilize the flap in the closed conformation. Furthermore, it has
been reported that a doublemutation in theN-terminus region of
APP (Lys670f Asn andMet671f Leu) known as the Swedish
mutant (SW) accelerates the activity of BACE1 by 60-fold
(Figure 2a).28,29 The observed increase in the activity may be
due to the differential substrates specificity of this enzyme,30 i.e.,
the positioning of the substrate inside the active site and cleaving
of the peptide bond. However, currently the mechanism of
substrate specificity and interactions of the WT and SW sub-
strates with the active site of the enzyme are not known.

Upon entering the active site, specific peptide bonds of the
substrate are cleaved by the catalytically active dyad of BACE1.
This dyad is formed by the Asp32 and Asp228 residues and both
these residues interact with the conserved water molecule (W1)
that is utilized for hydrolysis.11,14,31 Recent X-ray and neutron
diffraction data and theoretical calculations on the aspartyl
proteases show that one of the Asp residues is protonated, and
the second one is unprotonated.32�35 BACE1 catalyzes the
hydrolytic cleavage of the Met-Asp and Leu-Asp peptide bonds
of theWT- and SW-substrate, respectively, through the following
two overall reactions:

Met-CðdOÞ-NðHÞ-AspþH2O f Met-COOHþ Asp-NH2

ð1Þ

Leu-CðdOÞ-NðHÞ-AspþH2O f Leu-COOHþ Asp-NH2

ð2Þ
In the catalytic cycle, this enzyme utilizes the general acid/base

Figure 1. Key regions of BACE1 that participate in the substrate
recognition from the X-ray structure (PDB ID: 1FKN); inserts A, C,
D, and F (green), inserts B and E (blue), 10s loop (magenta), and flap
(yellow).

Figure 2. (a) Amino acid sequences of the wild type (WT) and Swedish (SW) substrates. The mutated residues are underlined, and the lightning sign
marks the cleavage site. (b) General acid�base mechanism utilized by BACE1.40,47
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mechanism to cleave the peptide bond.36 This mechanism
(discussed below) has previously been theoretically studied for
the other members of the aspartyl protease family such as HIV
protease37�41 and presenilin (PS1).42 It has also been investi-
gated by employing ab initiomethods on simplemodels.43�46On
the basis of available information, the peptide bond cleavage has
been proposed to proceed through a two-step mechanism
(Figure 2b).40,47 In the first step, from the reactant (I) the
unprotonated Asp228 functions as a base and abstracts a proton
from the catalytic water to generate a hydroxyl ion (OH�), which
subsequently makes a nucleophilic attack on the carbonyl carbon
atom of the peptide bond. In this process, Asp32 acts as an acid
and concomitantly donates its proton to the carbonyl oxygen
atom of the scissile peptide bond to generate the gem-diol
intermediate (II). In II, two hydroxyl groups are coordinated
to the carbon atom of the peptide bond. In the next step, the two
aspartate residues switch their roles. Asp32 now functions as a
base and abstract a proton from the hydroxyl group (�OH) of II.
Here, Asp228, which became protonated in the previous step,
plays the role of an acid and donates its proton to the amide
nitrogen atom (�NH) of the scissile peptide bond. This process
leads to the cleavage of the peptide bond to produce separated
amine (�NH2) and carboxyl (�COOH) terminals (III).39,40

The experimentally measured kcat = 2.45 s�1 for the SW-
substrate is equivalent to a barrier of ca. 18.0 kcal/mol.48 In a
QM/MM study, Carloni et al. also showed that the formation of
the gem-diol species for the Leu-Ala substrate peptide occurs
through a barrier of ca. 20.0 kcal/mol.38 However, currently the
structural and mechanistic information on the hydrolytic clea-
vage of the Met-Asp and Leu-Asp peptide bonds of the WT and
SW substrate, respectively, by BACE1 is not available.

In the present combined MD simulation and DFT study, the
interactions of the WT-substrate with BACE1 and its cleavage
mechanism have been investigated. In order to understand the
increased activity of the SW variant with respect to the WT-
substrate, the specific interactions of both the substrates (WT
and SW) and energetics of their cleavage mechanisms are
compared. To elucidate the specific changes introduced by the
substrate binding, the structure of the substrate bound BACE1
(for both the WT and SW substrates) is also compared with its
apo form. Furthermore, to validate the accuracy of the MD
simulations, the structural features of the equilibrated SC6
inhibitor bound structure are compared with the corresponding
X-ray structure (PDB ID: 2QMG). The structures obtained from
the MD simulations (BACE1-WT and BACE1-SW) were sub-
sequently utilized to investigate the mechanisms for the cleavage
of the Met-Asp and Leu-Asp peptide bonds of the WT- and SW-
substrate, respectively. These calculations will provide structural
and mechanistic information concerning the catalytic function-
ing of this critical enzyme. This information might also be helpful
to understand the activities of other members of this family. The
great deal of available experimental and theoretical data has
provided an ideal platform to perform this study.

’COMPUTATIONAL PROCEDURE

Computational Modeling.The models for theWT- and SW-
substrate were constructed from the OM99-2 inhibitor bound
X-ray structure of BACE1 in the flap closed conformation (PDB
ID: 1FKN).21 The OM99-2 inhibitor is a transition state mimic
of the SW-substrate designed by incorporating a statin group
(�CH2�CH(OH)�) between the P1 (Leu) and P10 (Asp)

amino acid residues and substituting P10 residue by Ala. The
starting structure for the SC6 inhibitor was taken from its
cocrystal structure (PDB ID: 2QMG) in the closed form.49

The non-peptidic (SC6) and peptidic (OM99-2) inhibitors were
then placed in the active site of the X-ray structure (PDB ID:
1W50) of apo form of this enzyme, in the flap open conforma-
tion, by superposing the structures.22 The missing insert A (158-
167) in the apo structure (PDB ID: 1W50) was incorporated
from another X-ray structure (PDB ID: 1FKN). The structure of
insert A in this structure was energy minimized by keeping the
rest of the enzyme fixed from the X-ray structure (PDB ID:
1W50). Since the structure of the OM99-2 inhibitor is similar to
the SW-substrate, it was converted to this substrate by substitut-
ing the statin group with the actual peptide bond and Ala at the
P10 position with the Asp residue. The WT-substrate was then
generated from the SW-substrate by mutating Leu (P1) and Asn
(P2) with the Met and Lys residues, respectively (Figure 2a).
These substitutions were made by using the Swiss PDB viewer
program (SPDBV), and the energetically favorable rotamers of
the aforementioned amino acids were chosen to minimize the
bad contacts with BACE1. On the basis of the available experi-
mental and theoretical information, Asp32 and Asp228 were kept
in the protonated and unprotonated form, respectively.32�35 All
these structures were subsequently equilibrated in a multistep
procedure. In the first step, only the structures of the substrates
and inhibitor in each case were minimized by keeping the
coordinates of the apo-enzyme constraints from the X-ray
structure (PDB ID: 1W50). In the second step, all the constraints
were removed and the structures of the enzyme�substrate
complexes were energy minimized with a steepest descent
method for 3000 steps. The results of these minimizations
produced the initial structures for the position restrained MD
simulations. In the next step, these structures were subjected to
300 ps MD simulations in which the protein was kept fixed to
allow water molecules to enter inside the protein and adjust their
positions around it. These structures were subsequently used as
starting points for the 20 ns BACE1-SW, BACE1-WT, and
BACE1-SC6 all-atom MD simulations in aqueous solution. In
the apo-BACE1 simulations, the coordinates were taken from its
X-ray structure (PDB ID: 1W50) including the insert A region
from the X-ray structure (PDB ID: 1FKN).
Molecular Dynamics Simulations. All molecular dynamics

(MD) simulations were performed using the GROMACS software
package50,51 utilizing theOPLS-AA52,53 force field. The topology of
the SC6 inhibitorwas built using theMKTOPPerl script developed
at the Federal University of Rio degenerio, Brazil.54 The partial
atomic charges for this compound were obtained by fitting ESP
charge using the ChelpG55,56 method at B3LYP/6-31G(d)56,57

level using the Gaussian09 program.58 In the simulations, the
structures were placed in the center of a box with dimensions
8.0� 8.0� 8.0 nm.The box contained over (∼15 000) of TIP4P59

water molecules, i.e., ca. 66 000 atoms in total. Some water
molecules were replaced by sodium ions to neutralize the systems.
The MD simulations were carried out with a constant number of
particles (N), pressure (P), and temperature (T), i.e., NPT
ensemble. The SETTLE algorithm was used to constrain the bond
length and angle of the water molecules,60 while the LINCS
algorithm is used to constrain the bond length of the peptides.61

The long-range electrostatic interactions were calculated by the
particle-mesh Ewald (PME) method.62,63 A constant pressure of 1
bar was applied with a coupling constant of 1.0 ps; protein, water
molecules, and ions were coupled separately to a bath at 300 Kwith
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a coupling constant of 0.1 ps. The PBC (periodic boundary
condition) was applied, and the equation of motion was integrated
at time steps of 2 fs. The tools available in GROMACS program
package and the YASARA program64 have been utilized to analyze
the different MD trajectories. The PyMol65 and VMD66 software
were also extensively used for visualizations and the preparation of
structural diagrams presented in this study. The relative electro-
static binding energies67 for the enzyme�substrate complexation
were computed by solving linearized Poisson�Boltzmann
equation utilizing APBS (Adaptive Poisson�Boltzmann Solver)
software.68,69 The details of these computations are provided in
the Supporting Information. The accuracy of the GROMACS
program was also tested by performing BACE1, BACE1-SC6
(cocrystal structure (PDB ID: 2QMG)), and BACE1-SC6 (SC6
bound to the apo-form of the enzyme) simulations utilizing the
Desmondprogram70 using theOPLS-AA52,53 force field. The analysis
of these trajectories indicates that both programs (GROMACS and
Desmond) provided very similar results (Figure S1 in the
Supporting Information).
Modeling for DFT Calculations. The most representative

structures derived from the 20 ns BACE1-WT and BACE1-SW
MD simulations were used to create starting models for the DFT
calculations. Both substrates were modeled using the tetra-
peptide sequences, i.e., Lys-Met-Asp-Ala for the WT-substrate
and Asn-Leu-Asp-Ala for the SW-substrate. In the active site
models of BACE1, the catalytically active Asp32 and Asp228
residues, two conserved water molecules (W1 andW2), and four
surrounding residues (Arg235, Thr231, Ser35, and Tyr71) were
included. These models contain in total 137 atoms for the WT-
substrate and 132 atoms for the SW-substrate and represent the
common structural features of the actives sites of BACE1. In
order to retain the strain exerted by the surrounding protein on
the active site, the positions of some of the amino acid residues
(shown with asterisk sign in the corresponding figures) are
constrained from the structures equilibrated using MD simula-
tions. Asp32 and Asp228 residues were modeled as acetic acid,
Thr231 as CH3�CH(OH)�CH3, Ser35 as CH3�CH2�OH,
Tyr71 as CH3CH2C6H5OH, and Arg235 as CH3�NH�C-
(dNH2)

þ(�NH2). This kind of modeling has been widely used
in quantum chemical studies.71�73 The overall charge state of the

system is 0 for the WT-substrate and �1 for the SW-substrate,
and they exist in the singlet ground states.
Quantum Mechanical Calculations. All calculations were

performed using the Gaussian 09 program.58 The geometries of
reactants, intermediates, transition states, and products were
optimized without any symmetry constraints using the B3LYP
method and 6-31G(d) basis set.56,57,74 The accuracy of the
B3LYPmethod used in this study to calculate the reaction barrier
is between 3 to 5 kcal/mol.40,72 All degrees of freedom were
optimized and the transition states obtained were confirmed to
have one imaginary frequency corresponding to the reaction
coordinate. The final energetics of the optimized structures was
improved by performing single-point calculations using the
triple-ζ quality basis set 6-311þG(d,p). Since it was computa-
tionally unfeasible to calculate unscaled zero-point energy and
thermal corrections using the triple-ζ quality basis set, these
effects were estimated at the B3LYP/6-31G(d) level and added
to the final B3LYP/6-311þG(d,p) energetics. This type of
correction is an adequate approximation and has commonly
been used in quantum chemical studies.72,75 The dielectric effects
from the surrounding environment were estimated using the
dielectric constant (ε) of 4.33, corresponding to diethyl ether,
utilizing the self-consistent reaction field IEF-PCM method76 at
the B3LYP/6-31G(d) level. In general, when models with the
same charge are used, the relative dielectric effects are not very
sensitive to the methods used or to the value chosen for the
dielectric constant. Throughout the paper the energies obtained
at the B3LYP/(6-311þG(d,p)) þ zero-point energy (unscaled)
and thermal corrections (at 298.15 K and 1 atm) þ solvent
effects are discussed, while the energies without solvent effects
are provided in parentheses.

’RESULTS AND DISCUSSION

In the present study, interactions of the WT- and SW-
substrate with the specific regions of BACE1 and their cleavage
mechanisms have been elucidated. In particular, four indepen-
dent all-atom 20 ns MD simulations (BACE1-WT, BACE1-SW,
BACE1-SC6, and apo-BACE1) have been performed in aqueous
solution. The root-mean-square deviations (rmsd) of the MD
trajectories indicate that the structures in all four trajectories are
well equilibrated (BACE1-SC6, BACE1-WT, and BACE1-SW

Figure 3. Rmsd of theBACE1-WT (black), BACE1-SW(cyan), BACE1-
SC6 (red), and apo-BACE1 (blue) trajectories plotted against time.

Figure 4. Superposition of the most representative structure derived
from the BACE1�SC6 simulation (green) with the corresponding
X-ray structure (cyan) (PDB ID: 2QMG).
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simulations only after 5 ns and apo-BACE1 after 10 ns) (Figure 3).
The structures derived from these simulations were subsequently
used to investigate mechanisms for the cleavage of the Met-Asp
and Leu-Asp peptide bonds of the WT and SW substrates,
respectively.

TheMD simulations are validated by comparing the structural
features of the most representative structure derived from the
BACE1-SC6 simulation with the corresponding X-ray structure
(PDB ID: 2QMG). Both these structures superpose well to each
other, and the overall rmsd between these two structures is only
1.7 Å (Figure 4). The rmsd for the critical flap region (67�77)
and the 10s loop (9�14) are also found to be quite small, i.e., 1.3
and 1.0 Å, respectively. Furthermore, the computed B-factors of
the CR atoms calculated from the root-mean-square fluctuation
(rmsf), using the B = (8π2/3)� (rmsf)2 expression, are in good
agreement with the crystallographic factors of the X-ray structure
(PDB ID: 2QMG) (Figure 5). The opening and closing of the
flap (Val67-Glu77) region is critical for both the substrate
binding and catalytic activity of BACE1.16,24 The movement of
the flap upon the substrate binding is monitored by the changes
in the three interatomic distances (CR(Thr72)�Cβ(Asp32), CR-
(Thr72)�CR(Thr329), and OG1(Thr72)�NH1(Arg235)).26

The CR(Thr72)�Cβ(Asp32) distance defines the motion of
the flap and considered to be the key parameter in the substrate
recognition.26 The Thr72 residue is located at the tip of the flap,
and Asp32 constitutes the catalytic dyad that plays an important
role in the hydrolysis of the substrate. The CR(Thr72)�CR-
(Thr329) distance provides a measure of the gap between the tip
of the flap region and C-terminal of BACE1. The OG1-
(Thr72)�NH1(Arg235) distance is important because both
Thr72 and Arg235 residues of BACE1 have been observed to
interact with the inhibitor and suggested to be involved in the
ligand�BACE1 interactions.21,49

The time evolution of the CR(Thr72)�Cβ(Asp32) distance
indicates that the flap of the BACE1�SC6 complex closes
around 3 ns (Figure 6). This distance decreases from 16.7 Å
(apo crystallographic distance) to 12.4 Å and remains that way
for the rest of the simulation. It is in excellent agreement with the
distance of 12.0 Å observed in the crystal structure of the BACE1-
SC6 complex (PDB ID: 2QMG).49 The remaining two distances
CR(Thr72)�CR(Thr329) and OG1(Thr72)�NH(Arg235) are
also found to be in good accord and only slightly longer by

1.0 and 0.3 Å, respectively, than the corresponding distances in
the X-ray structure (PDB ID: 2QMG). The computed interac-
tion energy per residue for the residues within 5 Å of SC6 is also
very similar in the equilibrated and X-ray structures (Figure S2 in
the Supporting Information). Furthermore, the BACE1-SC6
simulation accurately reproduced the position of the W2 water
molecule and its interactions with the Ser35, Asn37, and Tyr71
residues from the X-ray structure (Figure S3 in Supporting
Information). These hydrogen-bonding interactions have also
been observed in the previous MD simulations studies.25,26

These results explicitly indicate that the MD simulation accu-
rately described the process of flap closing upon the binding of
the SC6 inhibitor in the open flap conformation of the enzyme.
Interactions of the WT-Substrate with BACE1. The flap

region in the apo form of BACE1 is very flexible and frequently
interchanges between the open and close conformations
(Figure 6).26 However, upon ligand binding (substrate or in-
hibitor) the flap region adopts the close conformation, but the
extent of closing might depend on the nature of the ligand. Here,
the process of flap closing for the binding of the WT-substrate is
compared with the binding of the SC6 inhibitor. The plot of the
CR(Thr72)�Cβ(Asp32) derived from theBACE1-WT trajectory

Figure 5. Comparison between the measured (blue) and computed (red) B-factors.

Figure 6. Time evolution of the CR(Thr72)�Cβ(Asp32) distance for
the BACE1-WT (red), BACE1-SW (blue), BACE1-SC6 (violet), and
apo-BACE1 (green) trajectories.
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indicates the closing of the flap around 3 ns (Figure 6). This time
frame is also similar to the one observed for the binding of the SC6
inhibitor in the BACE1-SC6 simulation. The Thr72 residue
located at the tip of the flap interacts with Asp(P10) of the
substrate through a bridging water molecule. Both the side chain
and backbone of Thr72 form strong hydrogen bonds with the
water molecule that in turn forms a single hydrogen bondwith the
backbone carbonyl (CdO) group of Asp(P10) (Figure 7a). The
presence of the Tyr71(O)-Trp76(N) hydrogen bond in the most
representative structures derived from the BACE1-WT and
BACE1-SC6 trajectories indicates the closing of the flap in both
the cases. However, the average CR(Thr72)�Cβ(Asp32) dis-
tance of 14.9 Å (Table 1) computed from the BACE1-WT
simulation is ca. 2.5 Å longer than the one obtained from the
BACE1-SC6 simulation. This difference shows that in compar-
ison to the SC6 inhibitor the flap is more open in the presence of
the WT-substrate at the active site. In the WT-substrate bound
structure, the CR(Thr72)�CR(Thr329) distance of 11.2 Å is also
1.3 Å longer than the BACE1-SC6 case, which indicates that the
enzyme remains more open upon the binding of former. In the
equilibrated structure, similar to other two distances, the distance
between the side chains of Thr72 and Arg235 (OG1(Thr72)-
NH1(Arg235)) of 6.4 Å, is longer (by 1.2 Å) than the one
obtained from the BACE1-SC6 simulation (Table 1). The
computed differences in these distances between the BACE1-
WT and BACE1-SC6 simulations clearly indicate that the active
site is relatively more open upon the binding of theWT substrate.
This inference is also supported by the volume of the active site
computed using a single water molecule with van der Waals
sphere of radius of 1.6 Å using the SiteMap module of Schrodinger

suit of program.77 Throughout the simulation, volume of the active
site for the WT-substrate is observed to be greater than the SC6
inhibitor, i.e., 520 Å3 computed for the former is 380 Å3 more than
for the latter (Figure 8). These results explicitly show that, in
comparison to SC6, the flap of BACE1 ismore open, and as a result
the active site is more expanded in the presence of the WT-
substrate.
Hydrophobic interactions also play an important role in posi-

tioning of the WT-substrate inside the active site.78 In the
equilibrated structure, the Met (P1) residue of the WT substrate
makes hydrophobic contacts with Tyr71 and Phe108 residues of
BACE1 through CH3-π type of interactions. Val (P3) forms
hydrophobic contact with Trp115 of the enzyme. The WT-
substrate was also found to form a small number of hydrogen
bonds (4�5) with BACE1 (Figure 9). The Glu (P4), Met (P1),
Asp (P10), and Ala (P20) residues of the substrate are involved in
forming the specific hydrogen bonds with the enzyme (Table 2).
For instance, Glu (P4) interacts with the side chain of Asn233
and alsomakes a strong hydrogen bondwith the Lys (P2) residue
(Figure 10a). These hydrogen-bonding interactions are quite
important and the substitution of Glu with Gln or Asp has been
experimentally observed to decrease the catalytic efficiency of
BACE1.79 The positively charged Lys (P2) residue of the WT-
substrate does not interact with the positively charged Arg235 and
instead moves away to form a hydrogen bond with the negatively
chargedGlu (P4) of the substrate. The electrostatic binding energy
computed using APBS (Adaptive Poisson�Boltzmann Solver)
is �4.6 kcal/mol.
The binding of theWT-substrate in the apo formof the enzyme

introduces substantial changes in the key regions (inserts A, D,
and F) and 10s loop of BACE1 (Figure S4 in the Supporting
Information). TheR-helical conformation of insert A observed in
the apo-form is lost upon binding of the WT-substrate. In
contrast, the binding of SC6 retains the R-helical conformation
of insert A from the X-ray structure. Rather interestingly, the
binding of this substrate does not alter the positions of insert
D and 10s loop that are located just above insert A. However, the
location of insert F is significantly different in the substrate bound
form. Because of the formation of hydrogen bonds between
Glu310 (insert F) with the Lys9 and Gln12 (10s loop) in the
apo-form of the enzyme, the Val309-Val312 region of the insert F

Figure 7. Water-mediated interaction of Thr72 located at the tip of the flap with the substrate: (a) WT-substrate and (b) SW-substrate.

Table 1. Cr(Thr72)�Cβ(Asp32), Cr(Thr72)�Cr(Thr329),
and OG1(Thr72)�NH1(Arg235) Distances (in Å) Com-
puted from the Most Representative Structures Obtained
from the MD Simulations

distance WT SW SC6 (MD) SC6 (X-ray)

CR(Thr72)�Cβ(Asp32) 14.9 14.2 12.4 11.9

CR(Thr72)�CR(Thr329) 11.2 10.8 9.9 8.9

OG1(Thr72)�NH1(Arg235) 6.4 6.0 5.2 4.9
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shifts toward the 10s loop and insert A. However, in the WT-
substrate bound BACE1 only one of these two hydrogen bonds,
Gly310(insert F)-Lys9(10s loop), remains intact to facilitate the
movement of insert F away from the insert A and 10s loop. In the
case of SC6 inhibitor also insert F displays the similar movement.
These results show that there are substantial differences between
the interactions of the WT-substrate and SC6 with BACE1 that
influence the structures of the several key regions of the enzyme.
Interactions of the SW-Substratewith BACE1.The variation

in the CR(Thr72)�Cβ(Asp32) distance shows that, similar to the
WT-substrate, the flap closes around 3 ns in the presence of the
SW-substrate (Figure 6). In the most representative structure
derived from the BACE1-SW trajectory, the average CR-
(Thr72)�Cβ(Asp32) distance of 14.2 Å is found to be 0.7 Å
shorter than the WT-substrate bound structure (Table 2). This
suggests that the flap is slightly more closed due to the binding of
the SW-substrate. The variation in the extent of the flap closing for
both the substrates might also be caused by the substantial
differences observed in their interactions with the flap. The
backbone carbonyl (CdO) group of Asp(P10) of the SW-
substrate forms two strong hydrogen bonds with the side chain
and backbone of Thr72 located at the tip of the flap. In addition,
the amine (�NH) part of the backbone amide (�CONH) group

of Asp(P10) indirectly interacts with the backbone of Gln73
through a bridging water molecule (Figure 7b). On the other
hand, for the WT-substrate only the backbone carbonyl (CdO)
group of Asp(P10) associates with Thr72 by forming a hydrogen
bond with a water molecule that strongly interacts with both the
side chain and backbone of Thr72. TheCR(Thr72)�CR(Thr329)
distance for the SW-substrate is also 0.4 Å shorter than for theWT-
substrate, i.e., 10.8 and 11.2 Å for the former and latter, respec-
tively. This difference also indicates that the flap is a little more
closed for the SW-substrate. In addition, the third critical distance
(OG1(Thr72)�NH1(Arg235) = 6.0 Å) for the SW-substrate was
computed to be 0.4 Å shorter than its WT counterpart (Table 1).
Furthermore, the overall volume of the active site throughout the
trajectory and in the most representative structure (470 Å3) is
substantially smaller than the WT substrate (Figure 8). All these
structural parameters indicate that, in comparison to the WT-
substrate, the flap is more closed and the active site is more
constricted upon binding of the SW substrate.
This substrate (SW) also interacts with the active site through

specific hydrophobic and hydrogen-bonding interactions. Similar
to the Met(P1) residue of the WT-substrate, the Leu(P1) of this
substrate associates through hydrophobic contacts and CH3�π
interactions with Tyr71 and Phe108, respectively. However, here
the interaction of Val(P3) of the substrate with Trp115, as
observed for the WT-substrate, is disrupted, and the substrate
reorients and positions itself within van der Waals (vdw) radius
of Ile110. The SW-substrate forms around two times (8�10)
more hydrogen bonds with BACE1 than the WT-substrate
(Figure 9). The Glu (P4), Val (P3), Asn (P2), Leu (P1), Asp
(P10), and Glu (P30) residues of the SW-substrate are involved in
forming these hydrogen bonds (Table 2). Glu(P4) interacts with
the side chains of Asn233, Lys321, and Arg307 through three
hydrogen bonds, i.e., the OE2 atom of the Glu residue forms
hydrogen bonds with Asn233 and Lys321 and the OE1 atom
with Arg307 (Figure 10b). Among these hydrogen bonds, the
Glu(P4)-Arg307 bond has been reported to influence the
catalytic activity of the enzyme.79 The loss of this interaction

Figure 8. Variation in the volume of the active site with time from the
BACE1-WT (red), BACE1-SW (blue), and BACE1-SC6 (violet)
trajectories.

Figure 9. Time evolution of the number of H-bonds between BACE1
and the substrate from the BACE1-WT (red) and BACE1-SW (blue)
trajectories.

Table 2. Hydrogen-Bonding Distances (Considering Only
the Distances between Heavy Atoms) between BACE1 and
the Substrate (WT and SW)

residue (substrate) atom residue (BACE1) atom Å

WT

P4 Glu OE2 Asn233 ND2 2.6

P1 Met O Asp32 OD2 3.2

P10 Asp OD1 Lys224 NZ 2.6

OD2 Arg235 NH1 2.8

P20 Ala N Tyr198 OH 2.3

SW

P4 Glu OE2 Asn233 ND2 2.9

Lys321 NZ 2.5

OE1 Arg307 NH2 2.6

P3 Val O Thr232 N 2.8

P2 Asn ND2 Arg235 NE 2.8

P1 Leu O Asp32 OD2 3.0

P10 Asp O Thr72 OG1 2.6

OD1 Arg235 NH1 2.7

O Thr72 N 2.8

P30 Glu OE1 Lys224 NZ 2.8
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could be responsible for its reduced enzymatic activity for the
WT-substrate. The backbones of Val(P3) and Thr232 also form
a hydrogen bond with each other, and the backbones of Leu(P1)
and Asp(P10) interact with the side chains of Asp32 and Thr72,
respectively. The Arg235 residue at the active site of BACE1 has
been reported to play a critical role in the substrate recognition.30

Unlike the Lys(P2) residue of the WT substrate, Asn(P2) of the
SW-substrate forms a hydrogen bond with this residue. For the
SW-substrate, the electrostatic binding energy of �6.5 kcal/mol
computed using APBS is 1.9 kcal/mol lower than the corre-
sponding energy for the WT-substrate. On the basis of these
results, it can be concluded that, in comparison to the WT-
substrate, BACE1 exhibits higher affinity for the SW-substrate.
In the presence of the SW-substrate, inserts A, D, and F and the

10s loop of the enzyme adopt significantly different conformations
than in the case of the WT-substrate. Insert A loses its overall

R-helical conformation upon the binding of both the substrates, but
its Asn162-Glu165 segment shifts toward the active site for the SW-
substrate. This shift may be caused by themotion of the 10s loop in
this direction that further pushes the fragment. However, for the
WT-substrate this loop is positioned away from the active site at
exactly the same location as predicted for the apo-form of the
enzyme. No noticeable change was observed in the structure and
location of the insert D upon binding of both the substrates. In the
BACE1-SW structure, the Val309-Val312 fragment of Insert F is
more open and shifted away from the active site than in the
BACE1-WT complex. However, similar to the BACE1-WT com-
plex, the inserts A and F interact with each other through the
Glu310 (insert F)-Lys9 (10s loop) hydrogen bond.
Catalytic Mechanism of BACE1. In this section, the most

representative structures derived from the BACE1-WT and
BACE1-SW simulations were utilized to develop initial pruned

Figure 10. (a) Interaction of Glu(P4) with Asn233 and Lys(P2) in the BACE1-WT complex. (b) Interaction of Glu(P4) with Asn233, Arg307, and
Lys321 in the BACE1-SW complex. (Hydrogen atoms are removed for clarity.)

Figure 11. Structures (in Å) and energies (in kcal/mol) of the reactant, intermediate, transition states (optimized), and the product for the cleavage of
theMet2-Asp3 peptide bond of theWT-substrate. The noncritical hydrogen atoms have been omitted in the figure, and the frozen atoms are shown with
the asterisk mark.
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models of the enzyme�substrate complexes. In the absence of the
substrate bound X-ray structures, they provide good starting
structures. It is noteworthy that these models were used only as
the starting structures and subjected to further optimizations at the
B3LYP/6-31G(d) level of theory to investigate mechanisms for the
hydrolytic cleavage of the Met2-Asp3 and Leu2-Asp3 peptide bond
of the WT- and SW-substrate, respectively, by BACE1. This
approach to explore the potential energy surface (PES) has previ-
ously been successfully applied to study mechanisms of a large
number of enzyme-catalyzed reactions.42,71,73,75,80�84

Reactions 1 and 2 are computed to be endothermic by 4.0 and
8.8 kcal/mol, respectively. BACE1 utilizes the general acid�base
mechanism to catalyze these reactions. This mechanism pro-
ceeds through the following two steps: (1) generation of the
gem-diol intermediate and (2) cleavage of the peptide bond.
Formation of the Gem-Diol Intermediate. During the

optimization, the starting models of the reactants derived from
the MD simulations undergo only minor changes and largely
retain their initial structures. In the optimized reactant for the WT
substrate (IWT), the active site water molecule (W1, H2O

3)
interacts with the catalytic diad formed by Asp32 (protonated)
andAsp228 (unprotonated) throughhydrogen bonds (O3H�O7=
2.34 Å and O3H�O2 = 1.55 Å) (Figure 11). The reactant for the
SW-substrate (ISW) forms the similar complex, but the O3H�O7

bond distance in ISW is 0.30 Å shorter than the corresponding
bond in IWT(O

3H�O7 = 2.04 Å and O3H�O2 = 1.64 Å)
(Figure 12). However, in both IWT and ISW, the N�H backbone
of Met2 and Leu2, respectively, makes a hydrogen bond with the
O3 atom of theW1molecule. In addition, the side chain (O1�H)
of Asp32 makes hydrogen bond with the carbonyl oxygen of the
Met2 (O1�H�O5 = 1.67 Å) and Leu2 residues (O1�H�O5 =
1.72 Å) of the WT- and SW-substrate, respectively. In both
reactants (IWT and ISW), the Asp32 and Asp228 residues interact

with the neighboring Ser35 and Thr231, respectively, through
hydrogen bonds.
In the first step of the mechanism, Asp32 functions as an acid,

while Asp228 as a base. Here, from IWT and ISW, the unprotonated
Asp228 abstracts a proton from the active site water molecule
(H2O

3) to create the hydroxyl ion (O3H�). The �O3H ion
concomitantly makes a nucleophilic attack to the carbonyl carbon
atom (C4) of the Met2-Asp3 and Leu2-Asp3 scissile bonds of the
WT and SW substrates, respectively. In this process, Asp32 acts as
an acid and simultaneously transfers a proton to the carbonyl
(C4dO5) group of the scissile peptide bond. In comparison to
IWT, the O

3 and C4 atoms of ISW possess extra charge (0.06 and
0.14 e, respectively), which makes W1 and carbonyl carbon (C4)
atom of ISW a superior nucleophile and electrophile, respectively.
This suggests that, in comparison to the WT-substrate, the SW-
substrate is more susceptible for this reaction. In the optimized
transition state (TSIWT) for the WT-substrate, all the relevant
bond distances indicate that this process is concerted (O2�H =
1.36 Å, O3�H = 1.11 Å, O3�C4 = 1.72 Å, O1�H = 1.55 Å, and
O5�H=1.03 Å). In particular, theO3�Hbond distance inTSISW
is 0.07 Å longer than in TSIWT, which shows that the water
molecule is more activated in the former. The barrier of 22.4 kcal/
mol for this process for the WT-substrate is 3.3 kcal/mol higher
than the one computed for the SW-substrate (19.1 kcal/mol from
ISW). This is the rate-limiting step of the entire mechanism for
both the substrates. Considering the accuracy (3�5 kcal/mol) of
the B3LYP functional in computing barriers, the calculated barrier
for this step in this study is in agreement with the experimentally
measured barrier of ca. 18.00 kcal/mol for the WT-substrate.48

However, the accuracy of the computed barrier should be validated
using QM/MM approaches. Furthermore, it is quite similar to the
barrier of ca. 20 kcal/mol calculated for the cleavage of the Leu-Ala
peptide bond in a previous QM/MM study.38

Figure 12. Structures (in Å) and energies (in kcal/mol) of the reactant, intermediate, transition states (optimized), and the product for the cleavage of
the Leu2-Asp3 peptide bond of the SW-substrate. The noncritical hydrogen atoms have been omitted in the figure, and the frozen atoms are shown with
the asterisk mark.
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In order to study the influence of the structures of the reactants
(IWT and ISW) on the computed difference of 3.3 kcal/mol
between the barriers, this step was also investigated using a
different set of snapshots taken at the 10th ns of the BACE1-WT
and BACE1-SW simulations. This approach has previously been
applied to study mechanisms of acetylcholinesterase85 and
triosephosphate isomerase.86 The optimized structures of the
pruned models of reactants (I0WT and I0SW for the WT- and SW-
substrate, respectively) using these trajectories are significantly
different from IWT and ISW (Figures S5 and S6 in Supporting
Information). From I0WT and I0SW, the difference in barrier
(4.6 kcal/mol) was found to be only 1.3 kcal/mol higher than
the one calculated using IWT and ISW (3.3 kcal/mol).
The activation of H2O

3 (W1) in this step leads to the creation
of the gem-diol intermediate (IIWT and IISW in Figures 11 and
12, respectively), in which two hydroxyl groups (O3H and O5H)
are attached to the C4 atom of the peptide bond. From IWT,
the generation of the IIWT intermediate is endothermic by
15.9 kcal/mol. However, for the SW-substrate the creation of
this intermediate (IISW) is more favorable by 7.7 kcal/mol, i.e.,
8.2 kcal/mol from ISW. In our previous study also the formation
of the gem-diol intermediate for the cleavage of the Val-Ile and
Ala-Thr peptide bonds by PS1 were calculated to be 6.2 and
17.4 kcal/mol, respectively.42 In addition, the formation of this
intermediate in the mechanism of HIV-1 protease for the
cleavage of the Gly-Thr peptide bond is calculated to be
endothermic by 10�12 kcal/mol.40 The creation of the oxyanion
species [C(OH)(O�)] in this step was found to be prohibitively
high (>35.0 kcal/mol) for both the substrates. The high en-
dothermicity of this intermediate is in agreement with the
previous studies on PS142 and HIV-1 protease.87 In both IIWT

and IISW, C
4�O3H and C4�O5H groups interact through

strong hydrogen bonding with the side chain (C�O1) of
Asp32 (O3H�O7 = 1.58 Å and O5H�O1 = 1.75 Å in IIWT

(Figure 11) and O3H�O7 = 1.59 Å and O5H�O1 = 1.68 Å in
IISW (Figure 12). In addition, Asp228 forms a hydrogen bond
with the hydroxyl (�O3H) group (O2H�O3 = 1.52 Å) group in
IIWT that is 0.24 Å shorter than the corresponding bond in IISW.
In IIWT and IISW, the protonation states of Asp32 and Asp228 are
now interchanged; that is, the former is in unprotonated form,
while the latter is protonated that prepares the enzyme for the
cleavage of the peptide bond in the next step.
These results explicitly exhibit that the formation of the gem-

diol intermediate for the SW-substrate is energetically more
favorable.
Cleavage of the Peptide Bond. In this step, both Asp32 and

Asp228 interchange their roles from the previous step. From
IIWT, the Asp228 residue, which acted as a base and became
protonated in the first step, now acts as an acid and donates its
previously acquired proton to the backbone amine (�N6H)
group of Asp3. This step proceeds with the simultaneous
abstraction of a proton bound to the O3 atom of the gem-diol
species by Asp32. This double proton exchange results in the
cleavage of the peptide bond and the separated carboxyl
(�C4O3O5H) and amine (�N6H2) groups are formed.
From IIWT, this process occurs with a very small barrier, i.e.,

1.2 kcal/mol. Since this step is followed by a step that is
endothermic by 15.9 kcal/mol, the overall barrier for this process
becomes 17.1 kcal/mol from IWT. The fully optimized transition
states (TSIIWT/TSIISW) are shown in Figure 11 and Figure 12,
respectively. The O2�H = 1.75 Å, N6�H = 1.07 Å, C4�N6 =
1.69 Å, O5�H = 1.38 Å, and O1�H = 1.11 Å bond distances for

TSIIWT and the O2�H = 1.30 Å, N6�H = 1.28 Å, C4�N6 =
1. 53 Å, O5�H = 1.19 Å, and O1�H = 1.46 Å bond distances for
TSIISW indicate that these processes are concerted. The com-
puted barrier of this step for the WT substrate is 7.3 (10.3) kcal/
mol higher than the one computed for the SW substrate. The
origin of this difference is likely to be the significant structural
differences observed in the IIWT/IISW f TSIIWT/TSIISW
transformations. The peptide bond distance in TSIIWT is sub-
stantially more elongated (by 0.16 Å) than inTSIISW. The critical
O2�H�O3 and O5�H�O1 bond distances in IIWT are also
0.24 and 0.07 Å shorter and longer, respectively, than in IISW.
These differences indicate that during the course of reaction the
transfers of the protons bound to theO2 andO5 atoms from IIWT

cost more than the corresponding transfers from IISW. In both
the cases, the connections between the fully optimized transition
state (TSIIWT and TSIISW) and the gem-diol intermediate were
confirmed by using 30 steps intrinsic reaction coordinate (IRC)
calculations in the backward direction followed by the full
optimizations. From IWT, the hydrolysis of the Met2-Asp3
peptide bond leading to the formation of the separated -Met-
COOH and -Asp-NH2 terminals (IIIWT) is exothermic by
5.7 (5.2) kcal/mol. The generation of the final product (IIISW)
in the cleavage of the Leu2-Asp3 bond of the SW substrate also
occur with the similar exothermicity, i.e., 5.2 (2.8) kcal/mol from
ISW. At the end of the reaction, the enzyme returns back to its
original form, in which Asp32 and Asp228 exist in protonated
and unprotonated forms, respectively.
These calculations show that the cleavage of the SW-substrate

is energetically more favorable and in line with the experimental
observation that BACE1 cleaves the SW substrate 60 times more
efficiently than the WT substrate.

’SUMMARY AND CONCLUSIONS

In this combined MD simulation and DFT study, the process
of flap closing upon the binding of the WT and SW substrates in
the open flap conformation of BACE1 and their cleavage
mechanisms have been investigated. A good agreement between
the key structural features of the equilibrated and X-ray (PDB ID:
2QMG) structures of the SC6 inhibitor bound BACE1-SC6
complex validates the accuracy of these simulations.

Upon the binding of the WT and SW substrates at the active
site, the flap of the enzyme closes around 3 ns andwatermolecules
play an important role in this process. As suggested previously,27

the two catalytic water molecules formed the H-boding network
at the active site involving the Asp32, Ser35, Asn37, Tyr71, and
Asp228 residues of the enzyme. In a site-directed mutagenesis
study,79 electrostatic interactions between the Glu (P4) and
Arg307 were reported to enhance the catalytic efficiency of
BACE1. In the BACE1-WT simulation, this interaction is lost
andGlu (P4) associates with the Lys (P2) residue of the substrate.
The loss of the Glu (P4)-Arg307 interaction may contribute to
the reduced activity of the enzyme toward the WT-substrate.28 A
comparison between the key interatomic distances
(CR(Thr72)�Cβ(Asp32), CR(Thr72)�CR(Thr329), andOG1-
(Thr72)�NH1(Arg235)) and the volume of the active site
computed from the BACE1-WT and BACE1-SW simulations
show that, in comparison to the WT-substrate, the flap is more
closed and the active site is more contracted upon the binding of
the SW-substrate. The hydrophobic interactions of the SW-
substrate with the active site are also observed to be different
than the WT-substrate and the former forms ca. 2 times (8�10)
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more hydrogen bonds than the later. The electrostatic binding
energy of �6.5 kcal/mol for the SW-substrate calculated using
APBS is 1.9 kcal/mol greater than the corresponding energy for
the WT-substrate. Upon the binding of the SW-substrate, struc-
tures and positions of the inserts A, D, and F and the 10s loop of
the enzyme are also substantially different than the ones observed
for the WT-substrate. All the results obtained from the MD
simulations indicate that, in comparison to the WT-substrate,
BACE1 exhibits greater affinity for the SW-substrate and posi-
tions it in a more reactive conformation.

In the next step, the most representative structures derived
from the BACE1-WT and BACE1-SW simulations were utilized
to develop pruned models of the enzyme�substrate complexes
to investigate cleavage mechanisms of both the substrates. The
general acid/base mechanism of the hydrolytic cleavage of the
Met2-Asp3 and Leu2-Asp3 peptide bond of the WT- and SW-
substrate, respectively, by BACE1 proceeds through the follow-
ing two steps: (1) generation of the gem-diol intermediate and
(2) cleavage of the peptide bond. The potential energy surface
(PES) diagrams for these reactions are shown in Figure 13. For
both the substrates, the formation of the gem-diol intermediate
in the first step was found to be the rate-determining step of the
entire mechanism.With the barrier of 22.4 kcal/mol, this process
for the WT-substrate is 3.3 kcal/mol higher than the SW-
substrate (19.1 kcal/mol). The structural differences in the
microenvironment of the active site play a critical role in lowering
of the barrier for the SW-substrate. The computed barrier is in
good agreement with the experimentally measured barrier of ca.
18.00 kcal/mol for the WT-substrate.48 The creation of the gem-
diol intermediate for the SW-substrate is 7.7 kcal/mol more
favorable (8.2 kcal/mol from ISW) than for the WT-substrate.
The overall barrier for the collapse of the gem-diol intermediate
(IIWT) for the WT-substrate is 7.3 (10.3) kcal/mol higher than
the one for the SW-substrate (8.2 (4.2) kcal/mol from ISW).
However, the exothermicities of the separated carboxyl
(�COOH) and amine (�NH2) terminals in the final product
for both the substrates are quite similar, i.e., 5.7 (5.2) for IIIWT

and 5.2 (2.8) for IIISW. The computed energetics show that
BACE1 is more efficient in cleaving the SW substrate and in
accord with the experimental observation that the cleavage of the
WT-substrate is 60 times less efficient than the SW-substrate.28,29

The results presented in this study will enhance our under-
standing of the substrate specificity and cleavage mechanism of
this critical enzyme and advance scientific efforts toward its
utilization as a therapeutic intervention for Alzheimer’s disease.
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